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ABSTRACT 
In the yeast Saccharomyces cerevisiae, the phospholipid 
biosynthetic genes are highly regulated at the transcriptional level in 
response to the phospholipid precursors inositol and choline. In the 
absence of inositol and choline, the products of the IN 0 2 and IN 0 4 
genes form a heteromeric complex which binds to a 10 bp element, 
U AS INO, in the promoters of the phospholipid biosynthetic genes to 
activate their transcription. In the presence of inositol and choline, 
the product of the 0 PI 1 gene represses transcription dictated by the 
U AS INO element. The work described in this dissertation is aimed at 
understanding how the Ino2 and Ino4 activators and the Opil 
repressor function to regulate phospholipid biosynthetic gene 
expression. 
The first residue of the 10 bp UAS1NO element is the least well 
conserved residue. Therefore, the importance of this residue was 
tested by modifying this position to all four possibilities. These 
studies indicated that the UAS1NO element is actually characterized 
by the sequence : 5'(C/A)ATGTGAAAT3'. The results also indicate 
that the 0PI1 gene product acts through the 10 bp UASrNO element 
and does not require the presence of an adjacent URS element. 
Curiously, a copy of the UAS1NO element is also present m the 
promoters of the IN02 and IN04 genes, leading to the possibility that 
their expression is also regulated in response to inositol and choline. 
XIV 
Using a cat reporter gene, JN02-cat expression was found to be 
regulated 12-fold in response to inositol and choline, but IN 04 -cat 
was constitutively expressed. Further, IN 0 2-cat was not expressed 
in either an in o2 or an i no4 mutant strain and was constitutively 
over expressed in an opil mutant strain. Expression of the IN04-cat 
gene was affected only by mutation in the IN 0 4 gene itself. 
Therefore, JN02-cat transcription is regulated by the products of 
both the IN 0 2 and IN 04 genes whereas IN 04 must interact with 
another protein to activate its own transcription. 
The fact that IN 0 2 is regulated m response to inositol and 
choline suggests that this regulation may be the means by which the 
inositol/choline response is mediated. To test this, expression of 
IN02 was uncoupled from the inositol/choline response by placing it 
under the control of the GAL 1 promoter. In this strain, IN 0 2 
express10n was regulated in response to galactose but was insensitive 
to inositol. The expression of the IN 0 1 and CH 01 target genes was 
still regulated in response to inositol even though expression of the 
IN02 gene was not. However, the level of expression of the INOl and 
CH 01 target genes correlated with the level of f N 0 2 transcription. 
Furthermore, the effect of inositol on target gene expression was 
eliminated by deleting the 0 Pf l gene in the GAL 1-IN0 2 -containing 
strain. These data suggest that the 0 Pf l gene product is the primary 
target (sensor) of the inositol response and that derepression of IN 0 2 
transcription determines the degree of derepression of the target 
genes. 
An analysis of the IN 0 2 promoter was also performed. These 
results revealed some interesting features of the IN 0 2 promoter. 
xv 
First, pnmer extension analysis showed that the IN 0 2 mRN A includes 
a 106 bp untranslated leader sequence which includes within it a 
potential open reading frame of 19 amino acids. This upstream 
opean reading frame overlaps the known translation initiation codon 
for the IN 0 2 coding sequences. Deletion analysis of the IN 0 2 
promoter revealed an essential region found between -200 and -250 
relative to the translation initiation codon and also showed that the 
UAS1NO element in the IN02 promoter is required for the regulated 
expression of the IN 0 2 gene. 
Therefore, the regulation of phospholipid biosynthetic gene 
expression involves two superimposed mechanisms. One mechanism 
is the regulation of IN 0 2 activator gene expression which mediates 
the degree of derepression of its target genes. The second 
mechanism requires the product of the 0 PI 1 negative regulator 
which appears to function as a direct regulator of Ino2p:Ino4p 
activity and is responsible for mediating the inositol/choline 
response. 
XVI 
CHAPTER I 
INTRODUCTION 
The membranes of Saccharomyces cerevisiae are composed of a 
typical mixture of phospholipids which serve a general function in 
cellular compartmentation and may also control the intracellular 
responses to external stimuli (reviewed in: Greenberg and Lopes, in 
press). For example, yeast have been shown to synthesize several 
phosphorylated forms of phosphatidylinositol (Pl) (Auger et al., 
1989; Lester and Steiner, 1968) that have been proposed to play a 
role in signal transduction pathways in multicellular eukaryotes 
(Divecha and Irvine, 1995). Consequently, it is critical to our 
knowledge of the biology of the eukaryotic cell that we understand 
how the cell coordinates the synthesis and assembly of the mixture 
of lipids that compnse the membrane matrix. 
In S. cerevisiae, the major membrane phospholipids, PI and 
phosphatidylcholine (PC), are synthesized by two separate pathways 
that diverge from a common lipid precursor, CDP-diacylglycerol 
(CDP-DG) (Figure 1) (Kelley et al., 1988; Carman and Henry, 1989). PI 
can be synthesized directly from exogenous inositol or de novo from 
glucose-6-phosphate (White et al., 1991). The two structural genes, 
IN 0 I and PIS 1, are required for the de novo synthesis of PI from 
glucose-6-phosphate. The IN 01 gene encodes the enzyme inositol-1-
phosphate synthase (IPS) (Klig and Henry, 1984; Dean-Johnson and 
1 
2 
serine 
PA ~ CDP-DG ~ PS ~ PE ~ PMME ~ PDME ~ PC 
l = ~I PI 
ill 
I-1-P 
l;JIQ2. Q.E.U Q.E.U 
!UIW !~l <WW 
Structural genes and products encoded 
.I.N.Ql Inositol-1-phosphate Synthase 
>Jl.Q.l Phosphatidylserine Synthase 
.l:llQ.2.(.1:..E:M.l.) Phosphatidylethanolamine Methyltransferase 
.Q£.l.3.(££M2.) Phospholipid Methyltransferase 
~ Phosphatidylinositol Synthase 
G-6-P 
Figure 1. Phospholipid biosynthetic pathway 
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Henry, 1989) which catalyzes the conversion of glucose-6-phosphate 
to inositol-I-phosphate. This Is subsequently dephosphorylated to 
produce inositol (Culbertson et al., 1976a; Culbertson et al., 1976b). 
The product of the PIS 1 gene, phosphatidylinositol synthase (PIS), 
converts inositol and CDP-DG to PI (Fischl and Carman, 1983; Fischl et 
al., 1986). This pathway IS essential smce yeast which cannot 
synthesize inositol die due to a phenomenon called "inositol-less" 
death, when grown in media lacking inositol (Culbertson and Henry, 
1976). Furthermore, disruption of the PIS 1 gene has revealed that 
this gene IS essential for viability (Nikawa et al., 1987). 
Consequently, PI is an essential component of yeast membranes. 
PC is the major phospholipid present in eucaryotic cell 
membranes (Greenberg and Lopes, in press). In yeast, PC can be 
synthesized de novo from CDP-DG (Figure 1) (White et al., 19 91; 
Paltauf et al., 1992). The first reaction in the PC pathway synthesizes 
phosphatidylserine (PS) from CDP-DG and free serine using the 
enzyme PS synthase (PSS). PS is subsequently decarboxylated by PS 
decarboxylase (PSD) to form phosphatidylethanolamine (PE) which is 
sequentially methylated to form PC. Formation of PC from PE 
involves three sequential methylations which are catalyzed by two 
me thy 1 transferases. 
The first reaction m the PC pathway is catalyzed by PSS (Figure 
1) and was defined genetically by mutants, chol, that failed to grow 
m the absence of choline (Atkinson et al., 1980a; Atkinson et al., 
1980b; Kovac et al., 1980; Nikawa and Yamashita, 1981). The chol 
mutants were found to be defective in the synthesis of PS (Atkinson 
et al., 1980a; Atkinson et al., 1980b; Kovac et al., 1980) and lacked 
4 
PSS activity (Nikawa and Yamashita, 1981). However, chol mutants 
were able to grow m the presence of either ethanolamine or choline, 
due to the ability of yeast to synthesize PC via a salvage pathway 
(Kennedy pathway). The second step in this pathway is the 
decarboxylation of PS to PE (Figure 1 ). This step is catalyzed by PSD, 
the product of the PSD 1 gene and PSD2 gene(Clancy et al., 1993; 
Trotter et al., 1993). 
The final three steps m the synthesis of PC de novo involve the 
sequential methylation of PE (Figure 1) (White et al., 1991; Paltauf et 
al., 1992). These three reactions are catalyzed by two 
methyltransferases, the phosphatidylethanolamine methyl-
transferase (PEMT) and the phospholipid methyltransferase (PMT) 
(Greenberg and Lopes, in press). PEMT primarily catalyzes the first 
methylation reaction and consequently PEMT mutant strains (cho2) 
accumulate elevated levels of PE (Kodaki and Yamashita, 1987; 
Summers et al., 1988). PMT catalyzes the last two methylation 
reactions and PMT mutants (opi3) accumulate elevated levels of 
PMME and PDME (Yamashita et al., 1982; Greenberg et al., 1983; 
Kodaki and Yamashita, 1987). 
Early studies on the product of the IN 01 gene, IlP synthase, 
showed that its activity was regulated in response to the presence of 
exogenous inositol (Culbertson et al., 1976a; Donahue and Henry, 
1981). That is, when cells were grown in the presence of inositol, 
IlP synthase activity and subunit concentrations were significantly 
reduced (Culbertson et al., 1976a; Donahue and Henry, 1981). The 
cloning of the INOJ gene (Klig and Henry, 1984) made it possible to 
examine if the response to inositol was due to transcriptional 
5 
regulation. Quantitative Northern blot hybridization clearly showed 
that a 1.8 kb IN 0 I transcript was most abundant when cells were 
grown in either the absence of inositol and choline or the presence of 
choline by itself (Hirsch and Henry, 1986). The addition of inositol to 
the growth media caused a 90% reduction in the level of the IN 01 
mRNA while inositol and choline added in conjunction resulted in a 
97% reduction (Hirsch and Henry, 1986). Therefore, the reduction m 
IlP synthase activity correlated with a decrease in the abundance of 
the /NO 1 transcript. 
Deletion analyses of the IN 0 I promoter fused to the lac Z 
reporter gene combined with fusions of IN 01 promoter fragments to 
the CY C 1 -la cl'Z reporter suggested the existence of a repeated 
element required for the inositol response (Lopes et al., 1991 ). These 
studies, coupled with computer-aided analyses of the IN 01 promoter 
led to the conclusion that there are 9 copies of a repeated 10 bp 
element (designated UAS1No). More recent studies have shown that 
2 of the 9 elements are functional when placed upstream of the 
CYC 1-lacl'Z reporter (Koipally et al., submitted; Bachhawat et al., in 
press). Cloning of other genes (CH 01, CH 0 2, and 0 PI 3) in the 
pathway also revealed that their expression was regulated at the 
level of transcription (Bailis et al., 1987; Hudak et al., 1994; Hudak 
and Henry, unpublished results; Kodaki et al., 1991). Northern blot 
and quantitative slot blot hybridization analyses revealed that a 1.2 
kb CH 0 1 transcript was maximally expressed in the absence of 
inositol and choline and repressed approximately 5 to 6-fold by the 
addition of inositol and choline to the growth media (Bailis. et al., 
1987). Examination of the CH 01, CH 0 2, and 0 PI 3 promoters revealed 
6. 
the presence of UAS1NO elements in all three promoters (Kodaki et al., 
199la; Kodaki et al., 199lb; Bailis et al., 1992; Paltauf et al., 1992). 
Therefore, all four of the genes described above, INOJ, CHOI, CH02, 
and 0 PI 3, are coordinately regulated at the level of transcription in 
response to inositol and choline. 
The coordinately regulated express10n of the phospholipid 
biosynthetic genes is dependent on the cis-acting UAS1NO element 
which serves as a binding site for a transcriptional activator complex 
composed of the products of the IN 0 2 and IN 0 4 genes (Hirsch and 
Henry, 1986; Bailis et al., 1987; Klig et al., 1988; Nikoloff et al., 1992). 
The IN02 and IN04 genes were initially identified among the original 
10 inositol auxotrophic complementation groups (Culbertson and 
Henry, 1975; Donahue and Henry, 1981a). The ino2 and ino4 
mutants fail to express the IN 01 gene product and therefore require 
inositol for growth (Donahue and Henry, 1981 b ). Mutations in the 
IN02 and IN04 genes have pleiotropic effects on both the PI and PC 
branches of the phospholipid biosynthetic pathways (Loewey and 
Henry, 1984), consistent with their role as transcriptional activators. 
Cloning of the IN02 and IN04 genes (Klig et al., 1988; Nikoloff 
et al., 1992) made it possible to speculate about the 
structure:function relation of these two proteins. For example, the 
predicted protein sequence of the Ino2p and Ino4p showed a high 
degree of similarity to members of the myc family of basic helix-
loop-helix proteins (Hoshizaki et al., 1990; Nikoloff et al., 1992). This 
observation was striking since the products of the IN 0 2 and IN 0 4 
genes are known to form a heterodimer (Ambroziak and . Henry, 
1994) and the HLH domain was recognized as a protein dimerization 
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motif (Murre et al., 1989). Initial studies usrng mobility shift assays 
identified protein:DNA complexes assembled with the /NO 1 promoter 
which were dependent on wild type alleles of both the 1N0 2 and 
JN04 genes (Lopes and Henry, 1991). Experiments using antibodies 
specific to lno2p have shown that the IN 0 2 gene product is present 
in this protein:DNA complex (Nikoloff and Henry, 1994). These same 
protein:DNA complexes were found to form using in vitro transcribed 
and translated Ino2p and Ino4p (Ambroziak and Henry, 1994 ). 
Finally, use of antibodies generated against an Ino2 fusion protein 
showed that the Ino4p co-immunoprecipitates with Ino2p in the 
absence of the UAS1NO element, indicating that the Ino2p/lno4p 
heterodimer can form independently of the UAS1 No element 
(Ambroziak and Henry, 1994 ). Therefore, derepression of the 
phospholipid biosynthetic genes reqmres wild type alleles of the 
IN 0 2 and IN 0 4 genes. The lno2p and Ino4p form a heterodimer 
which binds specifically to the UAS1NO element in the promoters of 
all of the coregulated phospholipid biosynthetic genes to activate 
their transcription m the absence of inositol and choline. 
In addition to the positively acting products of the IN 0 2 and 
IN 0 4 genes, phospholipid biosynthetic gene expression is also 
regulated by a negatively acting protein, the product of the 0 PI 1 
gene (Greenberg et al., 1982b). The opi 1 mutants excrete inositol, 
presumably due to the overproduction of the INOJ gene product (IlP 
synthase) (Greenberg et al., 1982a; Klig et al., 1985). The phenotype 
of the opil mutant also shows constitutive overexpression of the 
product of the CH 01 gene (PSS) (Klig et al., 1985). The constitutive 
overproduction of the IlP synthase and PSS subunits in the op ii 
8 
mutant results from a defect in transcriptional regulation of the IN 01 
and CHOI genes, respectively (Hirsch and Henry, 1986; Bailis et al., 
1987). Northern blot analyses revealed that the IN 01 and CH 0 1 
transcripts are constitutively overexpressed in an op il mutant and 
more recently, the CH 0 2 and 0 PI 3 transcripts have also been 
observed to be constitutively overexpressed (Jackson and Lopes, 
unpublished results). 
The exact mechanism by which the Opilp functions to regulate 
phospholipid biosynthetic gene expression is not yet known. 
However, it does seem likely that Opi 1 p plays a key role in the 
response to inositol. One aspect of the function of Opi 1 p that is clear 
is that it regulates phospholipid biosynthesis through the U AS1 No 
element. Strains harboring an op ii mutant allele constitutively 
overexpressed a CY C 1 - lac l'Z heterologous reporter gene under 
control of the UAS1NO element (Koipally et al., submitted; Bachhawat 
et al., in press). This data provides evidence that Opil p functions 
through the UAS1NO element and not some other cis-acting element 
(such as an upstream repressing sequence element), however it does 
not provide evidence for a direct interaction between Opi 1 p and the 
UAS1NO element. 
The expression of some yeast genes has been shown to be 
controlled by repressors that specifically interact with promoter 
sequences called upstream repressor sequences (URS). Several 
systems have been shown to be under control of a specific URS 
element, URS 1 with the consensus sequence 5' AGCCGCCGA3' 
(Sternberg et al., 1987; Buckingham et al., 1990; Luche et al., 1990). 
Genes under control of the URS 1 element include the H 0 gene 
9 
(Sternberg et al., 1987), CAR 1 (Luche et al., 1990), and SP 0 1 3 
(Buckingham et al., 1990). The function of the URSl element is not 
likely to be limited to these 3 genes since a substantial number of 
yeast promoters have sequence elements that resemble the URS 1 
(Luche et al., 1990), among these is the JNO 1 promoter (Lopes et al., 
1993 ). 
The ability of the URSI N 0 1 to repress gene transcription is 
dependent on the products of the SIN3 and UM E6 genes (Hudak et 
al., 1994; Jackson and Lopes, unpublished results). Expression of 
some genes that have URS 1 elements in their promoters are sensitive 
to mutations in either the SIN3 gene (Vidal et al., 1991; Strich et al., 
1994), the UME6 gene (Park et al., 1992), or both (Strich et al., 1994). 
Consequently, it appears that these repressor proteins are able to 
interact in different combinations to mediate repression of gene 
express10n. 
The role(s) of the SIN 3 and UM E 6 repressor genes on 
expression of phospholipid biosynthetic genes has recently been 
examined. Mutations in either gene confer pleiotropical phenotypes 
on expression of the phospholipid biosynthetic genes by elevating 
their expression under both repressing and derepressing conditions 
without affecting the level of regulation (Hudak et al., 1994; Jackson 
and Lopes, unpublished results). It was surprising that expression of 
all of the phospholipid biosynthetic genes tested (/NOi, CHOI, OP/3, 
CH 0 2 ) were increased since only the IN 0 1 promoter has a 
recognizeable URSl element (Hudak et al., 1994). These experiments 
further indicate that Sin3p and Ume6p mediate general repression of 
phospholipid biosynthetic gene expression, but are not involved m 
1 0 
the inositol/choline response smce regulation was unaffected in the 
sin3 and ume6 mutant strains. Further experiments demonstrated 
that the ume6 and sin3 mutant alleles affect expression from both 
the URSIINOI element as well as through the UAS1NO element (Hudak 
and Henry, in press; Jackson and Lopes, unpublished results). These 
results explain the pleiotropic effect on express10n of phospholipid 
biosynthetic genes that lack the URS 1 element, but include the 
U AS INO element. At present it is unclear how these two repressors 
function through the UAS1NO element, however, it seems reasonable 
that they would exert the greatest effect on IN 01 express10n smce 
the IN 01 promoter includes both the U AS1N o elements and the URS 1 
element. 
Therefore, the regulation of phospholipid biosynthetic gene 
expression is a complex regulatory pathway that involves two 
activator proteins, the products of the IN 0 2 and IN 0 4 genes; a 
specific repressor, the product of the 0P11 gene; and two general 
repressors, the products of the SIN 3 and UM E6 genes. Understanding 
how all of these regulatory proteins function and are regulated is 
essential to understanding how the phospholipid biosynthetic 
pathway is regulated. 
CHAPTER II 
REVIEW OF THE RELATED LITERATURE 
The proper function of any cell is dependent on the genetically 
programmed synthesis of a large number of proteins expressed at 
precise levels. Control of transcription initiation by DNA-binding 
proteins which recognize sequence elements in gene promoters is a 
primary means of positively and negatively regulating expression 
(Morimoto, 1992; Pabo and Sauer, 1992; B uratowski, 1994; Tjian and 
Maniatis, 1994 ). The regulation of gene expression in the yeast 
Sa cc ha romyc es ce rev is iae has been extensively documented (for 
review see: Guarente, 1992) and several well-defined systems have 
emerged as models for how the yeast cell responds to environmental 
signals by coordinately varying gene transcription (Johnston, 1987; 
Hinnebusch, 1992; Herskowitz, 1992). These model systems have 
identified specific interactions between cis-acting upstream 
activation sequences (UAS) (Guarente, 1992) and their cognate trans-
acting regulatory proteins. 
Recent investigations have focused on understanding the 
role(s) of trans-acting regulatory proteins m coordinating gene 
expression. That is, how are the regulators themselves regulated? 
Generally the mechanisms for regulating the regulators fall into two 
broad categories: 1) Regulation of the amount of functional activator 
or 2) Regulation of the function of an activator by a repressor 
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protein, either directly or indirectly. In this section, I will briefly 
review several metabolic pathways which utilize different means of 
regulating the cognate activator protein that all fall into these two 
broad categories. 
Regulation of gene expression by controlling activator protein levels 
There are several means of controlling the amount of a 
functional activator (category 1). Regulatory mechanisms include 
those that act at the level of: 1) transcription (the GAL4 gene in the 
galactose utilization pathway) (Griggs and Johnston, 1991, 1993); 2) 
the rate of translation (the G C N 4 activator in the amino acid 
biosynthetic pathway) (Hinnebusch, 1984; Thereos et al., 1984; 
reviewed in Hinnebusch, 1994 ); 3) protein stability (the G C N 4 
activator in the amino acid biosynthetic pathway) (Kornitzer et al., 
1994); 4) mRNA stability (MAT al involved in the specification of cell 
type and PPR 1 involved in pyrimidine biosynthesis) (Caponigro et al., 
1993; Pierrat et al., 1993); and 5) transport into the nucleus (ACE2 
involved in chitinase production and SW 15 involved in mating type 
switching) (Dohrmann et al., 1992; Nasmyth et al., 1990). 
The preferred carbon source for S. ce revzszae 1s glucose. 
However, a number of alternative carbon sources including galactose, 
raffinose, maltose, and sucrose can be utilized in the absence of 
glucose. When yeast are grown on media containing glucose, the 
genes encoding proteins needed for growth on other carbon sources, 
such as the GAL genes for galactose utilization, are repressed even if 
those other carbon sources (e.g., galactose) are present in the. media. 
This phenomenon is known as glucose repression and it occurs 
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primarily at the transcriptional level (Johnston and Carlson, 1992). 
The extent of glucose repression varies from gene to gene, with some 
of the GAL genes being repressed at least 1000-fold by glucose 
(Torchia et al., 1984, Yocum and Johnston, 1984 ). 
Glucose repression acts rapidly to reduce gene transcription. 
For all of the genes which have been tested so far, glucose causes a 
reduction in the amount of mRNA in the cell (St. John and Davis, 
1981; Carlson and Botstein, 1982; Denis et al., 1983; Sedivy and 
Fraenkel, 1985; Mueller and Getz, 1986), almost certainly due to a 
reduction in the rate of transcription initiation (Zitomer et al., 1979; 
Beier and Young, 1982; Federoff et al., 1983; Guarente et al., 1984; 
Johnston and Davis, 1984; Szekely and Montgomery, 1984; West et 
al., 1984; Sarokin and Carlson, 1985; Maarse et al., 1988; Flick and 
Johnston, 1990). Although the specific signal(s) for glucose 
repress10n have not yet been identified, three different mechanisms 
are known to contribute to glucose repression (Johnston and Carlson, 
1992). One of these three mechanisms is the inhibition of the GAL4 
transcriptional activator protein. 
The Gal4p is a transcriptional activator protein which binds to a 
specific sequence, U A So AL, found in the promoters of most of the 
genes required for galactose utilization (Johnston and Carlson, 1992). 
The function of Gal4p is almost completely inhibited in cells grown in 
glucose (Giniger et al., 1985; Flick and Johnston, 1990), and under 
these growth conditions, Gal4p-binding sites are known to be 
unoccupied (Giniger et al., 1985; Lohr and Hopper, 1985; Selleck and 
Majors, 1987). The inhibition of Gal4p function does not require the 
function of the product of the negative regulatory gene, GALBO. 
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(Yocum and Johnston, 1984; Torchia et al., 1984) and is due in large 
part because expression of the GAL4 gene is repressed about four-
fold in the presence of glucose (Griggs and Johnston, 1991; Nehlin et 
al., 1991). The repression of GAL4 expression is mediated by the 
products of the MIG I , SS N 6, and TU P 1 genes through two Mig 1 p-
binding sites in the GAL4 promoter found between the TATA box 
and the transcription start site (Griggs and Johnston, 1991; Nehlin et 
al., 1991). It is thought that the glucose repression of GAL 4 
expression by Mig 1 p, Ssn6p, and Tup 1 p occurs via the association of 
a Ssn6p-Tuplp complex with the DNA-binding protein, Migl (Keleher 
et al., 1992). Because the Gal4p is present at very low levels even in 
galactose-grown cells (Chasman and Kornberg, 1990; Parthun and 
Jaehning, 1990), and because it binds to DNA cooperatively (Giniger 
and Ptashne, 1988), the modest reduction in its level in glucose-
grown cells results in a significant reduction in its ability to activate 
transcription (Johnston and Carlson, 1992). Consequently, a 4- to 5-
fold reduction in GAL 4 expression leads to at least a 40-fold 
reduction in GAL 1 expression and in combination with other 
regulatory mechanisms, leads to a 1000-fold reduction in GAL 1 
expression (Griggs and Johnston, 1991). 
A second mechanism for regulating the amount of functional 
activator protein is utilized m the pathway for general amino acid 
biosynthesis. The G C N 4 gene encodes a positive transcriptional 
regulatory protein which acts directly to stimulate expression of at 
least 35 structural genes in 12 different amino acid biosynthetic 
pathways (Hinnebusch, 1992). The Gcn4p is a DNA-binding -protein 
which interacts specifically with regulatory sequences found 
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upstream of its target genes (Hope and Struhl, 1985; Arndt and Fink, 
1986). 
Expression of the Gcn4p is regulated at the translational level 
through a mechanism involving four short open reading frames 
(uORF) in the leader of GCN4 mRNA (Hinnebusch, 1992). Translation 
of the GCN4 coding sequences appears to be regulated by scanning of 
the 40S ribosomal subunit through the four uORFs in the G C N 4 
leader. According to this model, 40S ribosomal subunits bind to the 
5' end of the mRNA and scan in the 3' direction until the first AUG 
codon is encountered, where translation usually begins (Hinnebusch, 
1992). Thus, when an uORF is present in the mRNA, translation 
occurs preferentially at that site and precludes initiation at 
downstream sites because reinitiation is inefficient in eukaryotes 
(Kozak, 1989). 
The uORFs m the GCN4 leader are essential for regulation of its 
expression since a deletion of all four uORFs (Hinnebusch, 1984; 
Thireos et al., 1984) or point mutations in their four AUG start 
codons (Mueller and Hinnebusch, 1986) results in high constitutive 
expression of G C N 4 independent of the factors that normally regulate 
G C N 4 express10n. Based on this, a model for the molecular 
mechanism of G C N 4 translational regulation has been proposed. In 
the absence of amino acid starvation, scanning ribosomes initiate at 
uORFl (the most 5' uORF), terminate translation at the uORFl stop 
codon, and about 50% of the 40S subunits remain associated with the 
mRNA and resume scanning downstream (Hinnebusch, 1992). Most 
of these subunits re-aqmre the ternary complex required to 
reinitiate translation before reaching the start codon of uORF2, 3, or 4 
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and therefore are able to reinitiate translation at one of these uORFs 
(Hinnebusch, 1992). Most of the ribosomes dissociate from the 
mRNA following translation temination at uORF2, 3, or 4, and thus 
essentially none reach the G C N 4 start codon (Hinnebusch, 1992; 
Dever et al., 1992). 
Under ammo acid starvation conditions (derepressing 
conditions), uncharged tRNA accumulates in the cell. This stimulates 
a protein kinase which phosphory lates several translation initiation 
factors, resulting m a decrease in the amount of active translation 
factors available for formation of a translationally competent 
complex (Hinnebusch, 1992). Because of the diminished amounts of 
competent complexes present under starvation conditions, about 50% 
of the 40S subunits scanning downstream after terminating 
translation at uORFl fail to rebind the translation factors necessary 
to initiate translation before reaching uORF4 and thus ignore the 
start codons at uORF2, 3, and 4 (Abastado et al., 1991). Most of these 
subunits are able to bind the appropriate translation factors before 
they reach the G C N 4 AUG codon and thus are able to reinitiate 
translation there (Abastado et al., 1991). Only a few percent of the 
ribosomes bypass uORFs2, 3, and 4 under nonstarvation conditions, 
leading to a very low level of Gcn4 expression. Under starvation 
conditions, 50% of the subunits ignore uORFs2, 3, and 4, and reinitiate 
translation at GCN4. This would account for the large derepression 
ratio observed for G C N 4 express10n in response to amino acid 
starvation (Dever et al., 1992). 
Another mechanism utilized for controlling the amount. of the 
Gcn4 activator protein is through regulation of the stability of the 
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protein itself. The Gcn4p has been shown to have a short half-life of 
about 5 min (Kornitzer et al., 1994) under non-amino acid starvation 
conditions. This instability is due to the presence of 'PEST' sequences 
adjacent the the activation domain in the Gcn4p (Kornitzer et al., 
1994 ). 'PEST' sequences are stretches of a protein rich in the amino 
acids proline, aspartic acid, glutamic acid, serine, and threonine. 
These regions are thought to be a general signal for degradation 
through the ubiquitin degradation pathway based on the fact that 
they are over-represented in rapidly degraded proteins (Rogers et 
al., 1986; Rechsteiner, 1988). Under non-starvation conditions pulse-
chase experiments show that the Gcn4p disappears within 15 min 
after the chase (Kornitzer et al., 1994 ). Under amino acid starvation 
conditions, nearly 100% of the protein remains 15 mm after the 
chase (Kornitzer et al., 1994 ). 
A forth mechanism for controlling express10n of activator 
proteins is by regulation of the decay rate of their messages. For 
example, the message for the MAT a 1 activator gene, which is 
involved in regulating expression of genes involved in specification 
of cell type, has a half-life of 5 min (Caponigro et al., 1993). The 
message for the PPR 1 regulatory gene, which controls transcription 
of two genes involved in pyrimidine biosynthesis, has a half-life of 1 
min (Pierrat et al., 1993). The stabilities of both of these messages 
are well under the average of 17 min for poly(A+) mRNA in S. 
cerevisiae (Hynes and Philipps, 1976). 
Since transcription takes place m the nucleus of the cell, 
another mechanism for regulating the amount of a functional 
activator is by regulating its transit into the nucleus. This 
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mechanism has been described for the Swi5 activator protein 
(Nasmyth et al., 1990) which regulates expression of the H 0 
endonuclease gene, involved in mating type interconversion. It has 
also been described for the Ace2 activator protein. This activator 
protein regulates expression of the CTS 1 gene (encoding chitinase) 
(Dohrmann et al., 1992), which is required for cell separation after 
division. The pattern of expression of the SW I 5 and ACE 2 genes are 
very similar in that they are both transcribed during the G2 phase of 
the cell cycle but their protein products remain cytoplasmic until late 
in mitosis (Nasmyth et al., 1990; Dorhmann et al., 1992). Therefore, 
expression of the target genes (H 0 for SW I 5 and CT S 1 for ACE 2) is 
regulated by regulating the transit of the activator proteins into the 
nucleus. 
Regulation of gene expression by repressor proteins 
The second category involves the regulation of transcriptional 
activators by transcriptional repressor proteins. Repressor proteins 
can function in several different ways. For example, a repressor(s) 
can directly interact with an activator protein to inhibit its function 
(Gal80 repressor binding to the Gal4 activator and the Pho80/Pho85 
complex interacting with the Pho4 activator in the galactose and 
phosphate utilization pathways, respectively). Repressor proteins 
play a role in regulating the genes involved in mating type 
specification by directly binding DNA (reviewed in: Herskowitz et al., 
1992). Repressor proteins also can compete for binding DNA with an 
activator protein (Buflp, Buf2p, Buf3p and Ume6p binding. to the 
URSl [upstream repressor sequence] element and an activator 
19 
protein binding to the adjacent UAS1 element in the promoter of the 
CAR 1 gene, m the nitrogen utilization pathway). Repression of 
transcription can also be mediated by the strategic positioning of 
nucleosomes over UAS elements to prevent activator proteins from 
binding their cognate UAS elements (e.g., the PH05 promoter) (Almer 
and Horz, 1986; Almer et al., 1986). 
When yeast are grown in media lacking galactose, the genes 
required for galactose utilization are repressed. This repression is 
mediated in part by the product of the GALBO negative regulatory 
gene which functions by specifically binding to a region at the 
carboxyl terminus of the Gal4 activator protein (Johnston and 
Carlson, 1992), covering the transcriptional activation domain of 
Gal4p, and preventing it from making contact with the 
transcriptional apparatus. In galactose-grown cells, all of the Gal4p 
appears to be associated with Gal80p (Chasman and Kornberg, 1990; 
Parthun and Jaening, 1990; Leuther and Johnston, 1992; Parthun and 
J aening, 1992), suggesting that dissociation of Gal80p 1s not 
necessary for Gal4p to activate transcription. Therefore, m the 
uninduced state (the absence of galactose), Gal4p is present at its 
DNA binding site with bound Gal80p preventing the function of the 
activation domain. In the presence of galactose, an as yet 
unidentified inducer interacts with an inducer-binding domain 
within the Gal80p (Nogi and Fukasawa, 1989), eliciting a 
transformation of the Gal4p-Gal80p complex which exposes the Gal4p 
activation domains (Leuther and Johnston, 1992). The association of 
Gal80p with Gal4p under inducing conditions suggests that . Gal80p 
may play a slightly repressive role under these conditions. This is 
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supported by the observation that a deletion of the GALBO gene 
leads to higher induced expression of Gal4p target genes (Torchia et 
al., 1984; Yocum and Johnston, 1984). 
A second system which utilizes a direct interaction between 
activator and repressor proteins 1s the phosphate utilization 
pathway. In yeast the preferred source of phosphate is inorganic 
phosphate (Pi). In the absence of Pi, yeast can obtain phosphate 
from a variety of organic compounds through the cleavage of 
phosphoester bonds, catalyzed by phosphatases (Johnston and 
Carlson, 1992). The presence of Pi causes the genes required for the 
use of alternative sources of phosphate to be repressed (Johnston 
and Carlson, 1992). There are five known genes encoding 
phosphatases which are repressed by the presence of Pi, with the 
PH 0 5 gene being more highly expressed and more severely 
repressed by Pi than the others (Kramer and Andersen, 1980; Thill et 
al., 1983; Bajwa et al., 1984). 
The regulation of PH 0 gene express10n by Pi is accomplished by 
several positive and negative regulatory proteins. The product of the 
PH 04 gene encodes the major transcriptional activator protein in the 
pathway and is required for PH 0 gene expression (Vogel et al., 1989; 
Ogawa and Oshima, 1990). The PH080 and PH085 genes encode 
negative regulators of the PH 0 genes since mutations in either of 
these genes cause constitutive expression of the PH 0 5 gene (Ueda et 
al., 1975; Kaneko et al., 1985). Evidence indicates that the Pho80p 
and Pho85p form a complex which interacts with Pho4p to repress 
its function (Kaffman et al., 1994 ). The actual mechanism by which 
Pho80p/Pho85p repress Pho4p function is not yet known. A direct 
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interaction between the Pho80p and two reg10ns of the Pho4p has 
been demonstrated (J ayaraman et al., 1994 ), suggesting the 
mechanism may be a masking of the activator through direct 
interactions with the repressor complex. However, a more specific 
role for the Pho80p/Pho85p complex has been proposed based on 
the predicted sequence these two proteins. Sequence analysis of the 
predicted Pho85p showed that it has greater than 50% identity with 
the CDC28 cyclin-dependent protein kinase (Uesono et al., 1987; Toh-
e et al., 1988). Furthermore, the predicted Pho80p showed homology 
to two yeast cyclins, Hsc26 (Ogas et al., 1991) and OrfD (Frohlich et 
al., 1991). Therefore, it is possible that Pho80p/Pho85p might 
inactivate Pho4p by phosphorylation. Indeed, it has been shown that 
phosphorylation of Pho4p by the Pho80p/Pho85p complex in the 
presence of Pi is sufficient to inhibit the Pho4p transcriptional 
activation function (Kaffman et al., 1994) resulting in repression of 
PH 0 5 express10n. In the absence of Pi, Pho4p is under 
phosphorylated due to the inhibition of the Pho80p/Pho85p complex 
by the product of the PH 0 81 gene, thus allowing Pho4p to activate 
transcription (Schneider et al., 1994 ). 
Haploid yeast may be of two mating types, a or a, depending 
on the gene present at the MAT locus. In a cells two transcriptional 
regulatory proteins are expressed from the MAT a gene, Mata 1 p and 
Mat a 2p. In a cells, the MAT a gene produces a single protein, 
Ma ta 1 p. These three proteins are responsible for regulating the 
expression of a-specific genes, a-specific genes, haploid-specific 
genes, and sporulation-specific genes. The Mata 1 p is required for 
activating transcription of a-specific genes, Mata2p is a repressor of 
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transcription of a-specific genes, and in diploid cells, Mata 1 p -
Mat a 2p is a repressor of haploid-specific genes (reviewed in: 
Herskowitz et al., 1992). 
The Mata 1 p functions m conjunction with the non-cell-type-
specific Mcmlp to activate transcription of a-specific genes (Bender 
and Sprague, 1987; Tan et al., 1988; Grayhack, 1992). These proteins 
bind to adjacent sites in the promoters of a -specific genes, and 
shown to mutually enhance each others binding to their specific sites 
(Bender and Sprague, 1987; Tan et al., 1988; Grayhack, 1992). 
Further, the Mcmlp is the true activator while Mata lp primarily 
assists in the binding of Mcmlp to DNA and directs the binding of 
Mcmlp to the promoters of a-specific genes (Bender and Sprague, 
1987; Jarvis et al., 1988). 
In contrast, Mata2p represses expression of a-specific genes m 
a cells in conjunction with the Mcmlp (Jarvis et al., 1989; Keleher et 
al., 1989). Mata2p is a DNA binding protein and the promoters of a-
specific genes contain an Mcm 1 p-binding site flanked on both sides 
by Mata2p-binding sites (Keleher et al., 1989). Therefore, the 
proposed function for Mata2p-mediated repression is by binding to 
DNA adjacent to Mcmlp and masking the activation domain of 
Mcmlp. 
In diploid cells, the Mata 2p and Mata 1 p associate to repress 
expression of haploid-specific genes by binding to a specific element 
in the promoters of these genes (Miller et al., 1985; Siliciano and 
Tatchell, 1986; Goutte and Johnson, 1988). This repression may 
occur by two different mechanisms. The first is by preventing 
transcriptional activators from binding to DNA, thereby preventing 
activation. The Ssn6 general repressor protein is required for 
repression by Matalp-Mata2p (Mukai et al., 1991). Therefore, in the 
second mechanism, Mata 1p-Mata2p may actively repress 
transcription by recruiting Ssn6p (and likely Tuplp) to the 
promoters of haploid-specific genes (Herskowitz et al., 1992). 
The pathway regulating the utilization of nitrogen uses a 
complex of repressor proteins consisting of Ume6p, Buflp, Buf2p, and 
Buf3p to regulated gene expression (Sumrada and Cooper, 1987; 
Luche et al., 1990). These proteins bind directly to a repressor 
element found in the promoter of genes in the nitrogen utilization 
pathway to repress their expression (Kovari et al., 1990; Luche et al., 
1990; Luche et al., 1992; Luche et al., 1993 ). When the repressor 
proteins are bound to their cognate site, they compete with an 
activator protein for binding to its cognate site, and therefore inhibits 
transcriptional activation (Viljoen et al., 1992). 
Under conditions of nitrogen starvation (derepressing 
conditions), a catabolic pathway is induced which allows yeast cells 
to degrade and utilize arginine as a source of nitrogen (Magasanik, 
1993). The catabolism of arginine requires the CAR 1 and CAR 2 
genes, encoding arginase and ornithine transaminase, respectively 
(Magasanik, 1993 ). When cells are grown in the presence of 
efficiently utilized nitrogen sources, expression of the CAR 1 gene is 
repressed (Bossinger and Cooper, 1977). In the presence of argmme 
(and absence of other nitrogen sources), both the CAR 1 and CAR 2 
genes are strongly derepressed (Messenguy et al., 1991; Messenguy 
and Dubois, 1993). 
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Control of express10n of the CAR 1 gene is dictated by the 
presence of three different UAS elements in its promoter designated 
UASc1, UASc2, and UAS1 (Kovari et al., 1990) and one upstream 
repress10n sequence, URSl (Sumrada and Cooper, 1987; Luche et al., 
1990). UASc 1 and UASc 2 mediate inducer-independent 
transcriptional activation (Kovari and Cooper, 1991; Kovari et al., 
1992) and consist of multiple binding sites for the products of the 
ABF 1 and RAP 1 general transcription factor genes (Dorsman et al., 
1988; Buchman and Kornberg, 1990; Kurtz and Shore, 1991). Under 
repressing conditions, the proteins which bind to the negatively 
acting URS 1 site overcome the inducer-independent transcription 
supported by the Abflp and Raplp bound at UASct and UASc2 
(Kovari et al., 1990; Luche et al., 1990; Luche et al., 1992; Luche et 
al., 1993). When arginine is present, the third UAS, UAS1, whose 
operation is inducer dependent, is bound by its cognate activator 
(Viljoen et al., 1992). Under these conditions, the combined 
activation capability of the three UASs is able to overcome the 
negative regulation by the proteins bound at URS 1 (Viljoen et al., 
1992), allowing for derepression of CAR 1 expression. Therefore, in 
this system, it appears that there is a competition going on between 
the repressor complex and the activator. Under repressmg 
conditions, the repressor complex is bound to DNA, preventing 
transcriptional activation, presumably by preventing binding of the 
transcriptional activator. Under derepressing conditions, the inducer, 
arginine, causes the repressor complex to be removed, allowing the 
activator to bind DNA and transcription to be induced. 
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Another means of repressmg transcription that does not 
involve specific repressor proteins is by the strategic positioning of 
nucleosomes in the promoter, preventing binding of either the basal 
transcriptional machinery or activator proteins, and thereby 
preventing transcriptional activation. An example of a gene where 
this mechanism is used is in regulation of PH 0 5 expression (Almer 
and Horz, 1986; Almer et al., 1986). The chromatin structure at the 
promoter of the PH 0 5 gene undergoes a dramatic transition upon 
PH 05 activation (Almer and Horz, 1986; Almer et al., 1986). In the 
repressed state, the PH 0 5 promoter is organized in an array of 
positioned nucleosomes that is only interrupted by a short restriction 
enzyme hypersensitive site containing a maJor UAS (Almer and Horz, 
1986). Upon activating the gene by starving the cells for phosphate, 
two nucleosomes upstream and two downstream of the 
hypersensitive site disappear, and the entire promoter becomes 
accessible for the transcriptional machinery (Almer et al., 1986). 
This nucleosome disruption has been shown to be independent of 
DNA replication (Schmid et al., 1992) and therefore must involve 
some factor(s) which are capable of disrupting the nucleosome 
structure to allow transcription factor access. 
Further evidence for a role of nucleosomes in regulating gene 
expression come from experiments m which a yeast strain was 
constructed where the only hi stone H4 gene lS controlled by a 
repressible promoter (Han et al., 1988; Durrin et al., 1992). 
Repression of his tone H4 synthesis (which inhibits nucleosome 
formation) results 1Il the activation of several yeast promoters, 
including the PH 0 5, CUP 1, and HIS 3 promoters (Han et al., 1988; 
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ourrin et al., 1992), under conditions which would otherwise be non-
inducing. Furthermore, the activation observed when nucleosome 
assembly is inhibited does not require the UAS elements in the 
promoters of these genes (Han and Grunstein, 1988; Durrin et al., 
1992). Therefore, it is apparent that nucleosomes play a role in 
repressing expression of a number of genes and this repress10n must 
somehow be overcome to allow activation of transcription. 
All of the metabolic pathways described above utilize different 
mechanism for regulating their respective transcriptional activators 
and all fall into one of the two broad categories of regulation. 
However, it is unusual to find a system that invokes a mechanism 
from both categories in response to a single environmental cue. For 
example, in the galactose utilization pathway, both GAL 4 gene 
expression and Gal4p function (by the Gal80 repressor protein) are 
regulated, but they are in response to different signals. That is, 
expression of the G AL4 gene is repressed when cells are grown in the 
presence of glucose, while Gal80p repression of Gal4p is in response 
to the presence or absence of galactose. In this report, the regulation 
of phospholipid biosynthetic gene expression in response to inositol 
is described. This metabolic pathway is unique compared to those 
described above because it superimposes both transcriptional 
regulation of the IN 0 2 activator gene and the action of the 0 PI 1 
negative regulatory gene in response to a single environmental cue, 
inositol. 
CHAPTER III 
MATERIALS AND METHODS 
Bacteria Strains and Growth Conditions 
Escherichia coli DH5a cells [F-; endAl; hsdRl 7(rK-, mK+); 
supE44; thi-1; rec Al; gyrA96; rel A 1; ~(argF-laczya)Ul 69; <j>SOdlacZ; 
~M15 A.-] were cultured in LB medium (10% (w/v) Bacto-tryptone, 
5% (w/v) yeast extract, 10% (w/v) NaCl) supplemented with 50 
µg/ml Ampicillin for the propagation of plasmids. Indicator plates 
containing 50 µI 2% (w/v) X -gal (5-bromo-4-chloro-3-indolyl-B-D-
galactoside) in dimethylformamide were used to detect recombinant 
colonies. All bacterial strains were grown at 37°C and stored at 4°C 
or frozen at -80°C. Bacterial transformations were performed by the 
CaCI2 method (Sambrook et al. 1989) using transformation competent 
DH5a cells (Gibco-BRL). 
Yeast Strains and Growth Conditions 
The genotypes and sources of S. cerevisiae strains used m this 
study are listed in Table 1. Strain BRSlOOI (lab wild type strain) 
was originally called W303-la (R. Rothstein). All yeast strains were 
maintained at 30°C on YEPD plates (1 % yeast extract, 2% peptone, 2% 
glucose, and 2% agar) and stored at 4°C. 
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Table 1. Saccharomyces cerevisiae strains used m this study. 
Strain designation Genotype Source 
BRS1001 MATa; ade2-l; his3-ll ,l 5; leu2-3,112; Lopes Lab 
can] -100; trpl -1; ura3-l 
BRS1021 MAT a; opil-1; ade5, leu2; trpl; ura3 Lopes Lab 
a 1 a MATa; ade2-l; his3-JJ; leu2-3,112; 
ura3-l; trpl-1; canl-100; ino2::TRPJ Lopes Lab 
NUL20 MATa; ade2-l; ura3-l; his3-ll .l 5; 
leu2-3.112; canl-100; ino4::LEU2 Lopes Lab 
BPAlOl BRS 1001 with ga/4: :IN02-cat: :URA3 this study 
BPA102 BRSlOOl with gal4::/N04-cat::URA3 this study 
BPA103 BRS 1001 with gal4: :promoterless- this study 
cat::URA3 
BPA104 ala with gal4::1N02-cat::URA3 this study 
BPA105 ala with gal4::/N04-cat::URA3 this study 
BPA106 a 1 a with gal4: :promoterless-cat:: this study 
URA3 
BPA107 NUL 20 with ga/4: :/N02-cat: :URA3 this study 
BPA108 NUL 20 with gal4::/N04-cat::URA3 this study 
BPA109 NUL 20 with ga/4: :promoterless- this study 
cat::URA3 
BPAIIO BRS1021 with gal4::/N02-cat::URA3 this study 
BPAl 11 BRS1021 with gal4::/N04-cat::URA3 this study 
BPAl 12 BRS1021 with gal4::promoterless- this study 
cat: :URA3 
BPAl 13 BRS1001 with gal4::0Pll-cat::URA3 this study 
BPAl 14 BRSlOOl with gal4::/NOJ-cat::URA3 this study 
BPA201 BRSlOOl with gal4: :/N02-l -cat: :URA3 this study 
BPA202 BRSlOOl with gal4::IN02-2-cat::URA3 this study 
BPA203 BRS1001 with gal4::/N02-3-cat::URA3 this study 
,Strain Designation 
BPA204 
BPA205 
BPA206 
BPA207 
BPA208 
BPA209 
BPA210 
BPA211 
BPA212 
BRS2001 
BRS2005 
BRS2011 
BRS2012 
Genotype 
BRSlOOl with ga/4::/N02-4-cat::URA3 
BRSlOOl with gal4::/N02-5-cat::URA3 
BRSlOOl with gal4::/N02-6-cat::URA3 
BRS1001 with ga/4::/N02-7-cat::URA3 
BRSlOOl with gal4::1N02-8-cat::URA3 
BRSlOOl with ga/4: :IN02-9-cat: :URA3 
BRS1001 with ga/4: :IN02-6!4-cat:: 
URA3 
BRS1001 with ga/4: :/N02-7!3-cat:: 
URA3 
BRS1001 with gal4::/N02-8!2-cat:: 
URA3 
MATa; ade2-1; his3-ll,15; leu2-3,112; 
canl-100; ura3-1, trpl-1; 
ino2.1.: :TRP 1 
Source 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
Lopes Lab 
MATa; ade2-1; his3-11,15, leu2-3,112; Lopes Lab 
canl-100; ura3-l; trpl-1; 
opilt1::LEU2 
MAT a; ade2-1; his3-ll ,15, leu2-3,112; this study 
canl-100; ura3-1 ::pGALJ-
1N02::URA3; trpl-1; ino2t1::TRP1 
MATa: ade2-1; his3-JJ ,15; leu2-3,112; this study 
canl-100; ura3-l::pGALJ-JN02:: 
URA3, trpl-1; ino2t1::TRP1, 
opil 11: :LEU2 
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Yeast Transformations 
Yeast transformations were performed using the one step 
transformation of yeast protocol (Chen et al., 1992). The strain to be 
transformed was grown overnight at 30°C in YEPD. One ml of cells 
(about 2.5 X 108 cells) was transfered to a sterile microfuge tube and 
pelleted by centrifugation for 5 min at 7500 rpm. The pellet was 
resuspended in 100 µl of freshly made one step buffer (0.2 N lithium 
acetate, 40% PEG 3350, 100 mM DTT) and 50 ng-lmg of DNA and 5 µl 
of 10 mg/ml salmon sperm DNA was added. The tubes were mixed 
by vortexing and incubated at 45°C for 1 hr. Cells were then spread 
on selective plates and incubated at 30°C for 3-4 days. 
Plasmid Isolation 
Large scale isolation of plasmid DNA from E. coli was performed 
by the alkaline lysis method. A 40 ml overnight culture grown in LB 
media was pelleted at 5000 rpm. The cell pellet was washed once in 
10 ml of saline solution (100 mM NaCl, 10 mM EDTA, 50 mM Tris-HCl 
pH 8.0), resuspended in 2.4 ml of freshly prepared lysozyme buffer 
(25 mM Tris-HCl pH 7.5, 10 mM EDTA, 10 mM sucrose, 2 mg/ml 
lysozyme) and incubated on ice for 20 mrn. A solution of 0.2 M 
NaOH, 1 % SDS ( 4.8 ml) was then added. The tubes were mixed gently 
by inverting and incubated on ice for 10 min. Three ml of NaOAc, pH 
4.6 was added and the tubes were mixed by inverting and incubated 
on ice for 20 min. Cellular debris was pelleted by centrifugation at 
15,000 rpm for 15 mm. The supernatant was collected and· treated 
with 5 µl of 10 mg/ml RNase A for 15 min at 37°C. The samples 
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were extracted once with 10 ml of phenol:chloroform (1 :1) and the 
plasmid DNA was precipitated by adding 2 volumes of ethanol and 
centrifuging at 10,000 rpm for 15 min. The pellet was resuspended 
in 525 µl of sdH20 and transferred to a microfuge tube. The plasmid 
DNA was reprecipitated by adding 100 µl of 5 M NaCl and 625 µl of 
13% PEG (6000-8000). The samples were incubated overnight at -20 
C and plasmid DNA was pelleted by centrifugation at 15,000 rpm for 
15 min. The pellet was resuspended in 150 µl of sdH20. DNA 
concentration was determined by measuring the optical density of 
the solution at 260 nm (1 O.D. = 50 µg/ml). 
Plasmid Construction 
A. Plasmids used to assay the first position of UASlli.Q 
Plasmids used to assay the first position were all derived from 
pJH304 (Lopes et al., 1991 ). This is an autonomously replicating 
plasmid which contains the CYC 1 basal promoter and the CYC 1-lacl'Z 
reporter gene but lacks the UAScyc elements. The constructs were 
generated by first annealing complementary syn the tic 
oligonucleotides to each other (SH1/SH2; SH3/SH4; SH5/SH6; 
JML9/JML10; Table 2). Each oligonucleotide contained the 9 bp core 
sequence, 5'ATGTGAAAT3' (Hirsch, 1987, Lopes et al., 1991). The 
tenth base at the 5' end (i.e., first position of the 10 bp UAS1No) was 
varied to produce all four possible configurations (ie., G, A, T, or C). 
The annealed oligonucleotides were then inserted into a Xhol site in 
pJH304. 
Table 2. Oli1:onucleotides used in this study. 
Designation 
SHl 
SH2 
SH3 
SH4 
SH5 
SH6 
JML9 
JMLlO 
IN02-Bgl 
IN02-Bam 
IN04-Bgl 
IN04-Bam 
IN02-3' 
IN02-Sph 
IN04-3' 
IN04-Sph 
OPil-Bam 
OPil-Bgl 
IN02( 450-436) 
IN02(350-336) 
IN02(250-236) 
IN02(150-136) 
IN02(50-36) 
IN02(401-415) 
IN02(301-315) 
IN02(201-215) 
IN02(101-115) 
IN02(972-957) 
IN02(586-600) 
IN02(537-552) 
Sequence 
5'-TCG AGA ATG TGA AAT C-3' 
5'-TCG AGA TTT CAC ATI C-3' 
5'-TCA AGG ATG TGA AAT C-3' 
5'-TCG AGA TTT CAC ATC C-3' 
5'-TCG ACT ATG TGA AAT C-3' 
5'-TCG AGA TTT CAC ATA C-3' 
5'-TCG AGC ATG TGA AAT C-3' 
5'-TCG AGA TTT CAC ATG C-3' 
5'-GGG GAG ATCTGG ATC TGA GTI ACTT-3' 
5'-GGG GGG ATC CCT CCT TIG CTG TIC C-3' 
5'-GGG GAG ATCTAA GCTTIA GTG TCG A-3' 
5'-GGG GGG ATC CTA TIG CTTTICTCTT-3' 
5'-GAT CAT TGC ACC GTI-3' 
5'-GCA TGC ATG CAA CAA GCA ACT-3' 
5'-CCC GGG TIA ATI GTI-3' 
5'-GCA TGC ATG ACG AAC GAT ATI-3' 
5'-GGA TCC CAA TGA CTA GTA TCT-3' 
5'-AGA TCT CTC GAG ATA AGTTGG-3' 
5'-GGA TCC ACC AATTICGAA TIG-3' 
5'-GGA TCC GGA CAG GTG TCA ACG-3' 
5'-GGA TCC CTA TGG AGG GTG ATI-3' 
5'-CCA TCC TGT GTC TIC ATI CTC-3' 
5'-GGA TCC GGA AGA GGC ACT CAA-3' 
5'-AGA TCT CAT ATC TIA TIG TAA-3' 
5'-AGA TCT CGC CGG GTI TCT ATC-3' 
5'-AGA TCT CGG TCA CTA CTG CAC-3' 
5'-AGA TCT ACT CAA ACC AAA TCT-3' 
5'-TCT TAT ATG TAG ATG-3' 
5'-ACG AGT CGT CAT TGA-3' 
5'-CCA TAG GAT CTA GAC C-3' 
Plasmid 
pBM2015 
pBMIN02 
pBMIN04 
pBMIN02-1 
pBMIN02-2 
pBMIN02-3 
pBMIN02-4 
pBMIN02-5 
pBMIN02-6 
pBMIN02-7 
pBMIN02-8 
pBMIN02-9 
pBMIN02-6/4 
pBMIN02-7 /3 
pBMIN02-8/2 
pBM2289 
pBMGAL1-IN02 
YES.B 
pJH304 
pAB309D 
pJH310 
pAS103 
pPLg 
pGEM-IN02 
pGEM-IN04 
Table 3. Plasmids used m this study. 
Subclone 
Promoterless cat fusion 
IN 0 2 promoter-cat fusion 
IN 0 4 promoter-cat fusion 
IN02 promoter deleted from 
-400 to -500-cat fusion 
IN 0 2 promoter deleted from 
-300 to -500-cat fusion 
IN 0 2 promoter deleted from 
-200 to -500-cat fusion 
IN 0 2 promoter deleted from 
-100 to -500-cat fusion 
IN02 promoter deleted from 
-1 to -50-cat fusion 
IN 0 2 promoter deleted from 
-1 to -150-cat fusion 
IN 0 2 promoter deleted from 
-1 to -250-cat fusion 
IN 0 2 promoter deleted from 
-1 to -350-cat fusion 
IN 0 2 promoter deleted from 
-1 to -450-cat fusion 
IN02 promoter deleted between 
-200 and -250-cat fusion 
IN02 promoter deleted between 
-300 and -350-cat fusion 
IN02 promoter deleted between 
-100 and -150-cat fusion 
GALI promoter-cat fusion 
GALI promoter fused to JN02 
coding sequences. Derived from 
pBM2289 
YEp352 with 14.2 kb insert 
containing IN 0 2 clone 
CYCJ-lacZ fusion lacking UAScyc1 
pGEMl derivative with TCMJ gene 
pGEMl derivative with JNOJ gene 
pGEMl derivative with CHOI gene 
Contains ACTJ gene 
pGEMl derivative with JN02 gene 
pGEMl derivative with IN04 gene 
Source 
M. Johnston 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
M. Johnston 
this study 
M. Nikoloff 
Lopes lab 
Lopes lab 
Lopes lab 
Lopes lab 
Esposito lab 
this study 
this study 
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A. Construction of CAT reporter fusion vectors. 
All CAT reporter fusion plasmids were derived from pBM2015 
supplied by M. Johnston (Washington University, St. Louis, 
Mo.)(Griggs and Johnston, 1993 ). This plasmid contained the 
chloramphenicol acetyltransferase (CAT) reporter gene (cat) fused to 
the first eleven codons of the GAL4 gene, the U RA3 yeast selectable 
marker, and 1.5 to 2.0 kb of DNA from the region surrounding the 
GAL4 chromosomal locus. Fusions of the JN02, JN04, OP! I, and !NO I 
promoters to the cat reporter were constructed by amplifying the 
respective promoters by PCR. PCR primers were designed such that 
the 5' primer had a Bglll site at its 5' end and the 3' primer had a 
B am HI site at its 5' end. The primers used to amplify the promoters 
are as follows: IN02-Bgl and IN02-Bam (IN02); IN04-Bgl and IN04-
Bam (IN04); OPII-Bgl and OPII-Bam (OPII); and INOl-Bgl and INOl-
Bam (!NO I )(Table 2). PCR products were cloned into the pGEM®-T 
vector (Promega). A Bglll/BamHI restriction fragment containing 
the promoter of interest was then cloned into a Ba m HI site in 
pBM2015 to create: pBMIN02 (IN02 promoter-cat fusion), pBMIN04 
(IN 04 promoter-cat fusion), pBMOPil ( 0 PI I promoter-cat fusion), 
and pBMINO 1 (IN 0 I promoter-cat fusion)(Table 3 ). Proper 
orientation of the inserted promoter was determined by digesting 
the plasmid with BamHI and Sstll. 
B. Fusion of IN02 coding sequences to the GALI promoter. 
GALI -IN02 fusions plasmids were derived from pBM2289 
provided by M. Johnston (Washington University, St. Louis, 
Mo.)(Griggs and Johnston, 1993). This plasmid contains the wild type 
GALI promoter, upstream of an Sphl restriction site, and the URA3 
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selectable marker. The IN 0 2 gene was amplified by PCR usmg a 5' 
primer (IN02-Sph; Table 2) which included the translational initiator 
codon for the IN 0 2 gene flanked by an Sp h I restriction site for 
subcloning purposes. The 3' PCR primer (IN02-3'; Table 2) was 
targeted to sequences downstream of the translational stop codon for 
the IN 0 2 gene. This was done to insure that sequences important for 
RNA 3' end maturation were included. The IN 0 2 PCR product was 
cloned into the pGEM®-T vector (Promega) to create pGEM-IN02. An 
Sphl restriction fragment containing the IN02 coding sequence was 
cloned into an Sphl restriction site in pBM2289 creating pGAL1-IN02 
(Table 3). Proper orientation of the inserted fragment was confirmed 
by digesting pGAL1-IN02 with BamHI and Bglll. The pGAL1-IN02 
construct places the IN 0 2 coding DNA immediately downstream of 
the wild type GAL 1 promoter. 
Generation of Yeast Strains 
A. Yeast strains used for CAT assays. 
Yeast strains used for CAT assays were generated by 
transforming yeast strains (BRSIOOI, ala, Nul 20, or BRS1021) with 
a 7.6 kb Sstl/Kpnl restriction fragment. These fragments contained 
the promoter-cat fusion gene and the UR A 3 selectable marker 
flanked by 1-2 kb of sequences from the GAL4 chromosomal reg10n 
(Figure 2). Since the ends of DNA fragments are highly 
recombinogenic (Orr-Weaver et al., 1981), Ura+ transformants arise 
by recombination between sequences flanking G AL4. Southern blot 
JllmHI 
lliQ2or~ 
promoter 
500bp JUIII 
Sill ill gene 
pBM2015 
genomic~ locus 
or 
lNCM S..UI 
I 
promoter 
3 
genomic lNQ2 or INQ!l-£ilt fusion 
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Figure 2. Integration of IN 0 2- and IN 04-cat fusions in single copy at 
the GAL4 locus of S. cerevisiae. DNA fragments (approximately 500 
bp) containing the IN02 or the IN04 promoter flanked by BamHI-
Bglll sites were inserted into the BamHI site of pBM2015 (Griggs and 
Johnston, 1993). A 7.6-kb Sstl-Kpnl restriction fragment was used to 
transform a uracil auxotrophic yeast strain, yielding stable single-
copy integrants. Shown for reference are sequences that include the 
GAL4 locus (hatched box), the direction of transcription (arrows), and 
the locations of the U RAJ and cat genes. 
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Figure 3. Integration of GALI -JN02 fusion at the U RA3 locus. The 
plasmid pBMGAL1-IN02 was linearized with Stul and used to 
transform a uracil auxotrophic strain (a 1 a) to yield stable integrants. 
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analysis confirmed proper integration of the fusions in all 
transformants tested. 
)3. Strains harboring GALI -IN02 fusion gene. 
Yeast strains harboring the GALI promoter-IN02 fusion genes 
were constructed by transforming an i no2 deletion mutant strain 
(a la) with the plasmid pBMGAL1-IN02 linearized within the U RA3 
selectable marker gene using Stul. The linearized plasmid integrates 
at the ura3 locus, giving rise to Ura+ transformants (Figure 3). 
Proper integration was confirmed by Southern blot analysis. 
Southern Blot Analysis 
A. Preparation of yeast genomic DNA 
Isolation of yeast genomic DNA was performed as described by 
Hoffman and Winston (1987). Cells from a 10 ml saturated culture 
were collected by centrifugation. The cell pellet was rinsed with 0.5 
ml of sdH2 0, transferred to a microfuge tube and pelleted. The cell 
pellet was then resuspended in 0.2 ml of lysis buffer (2% Triton, 1 % 
SDS, 100 mM NaCl, 10 mM Tris, pH 8.0, 1 mM EDTA) and 0.2 ml of 
phenol/chloroform/isoamyl alcohol (25:24: 1 ). Glass beads (0.3 gm) 
were added to each tube and the tubes were vortexed for 4 mm. 0.2 
ml of IX TE-8.0 was added to the mixture and the tubes were then 
centrifuged for 5 min. The aqueous supernatant was transferred to a 
new tube and precipitated by adding 2 volumes of ethanol and 
centrifuging for 5 min. The DNA pellet was resuspended in 0.4 ml IX 
TE-8.0, treated with 30 µg of RNase A for 10 min at 37°C, and 
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precipitated as above. The pellet was washed with IOO µl of 70% 
ethanol, dried under vacuum, and resuspended m 50 µl of IX TE-8.0. 
B. Southern blot hybridization analysis 
Ten µl of genomic DNA were digested overnight at 37°C with 
the appropriate restriction endonucleases and fractionated through a 
0.8% (w/v) agarose gel in IX TBE (89 mM Tris base, 89 mM boric 
acid, and 2mM EDTA (pH 8.0)). DNA transfer to Nytran Modified 
Nylon Membrane (0.45 µ m) (Micron Separations Inc.) was 
performed by capillary action after subjecting the gel to three 
washes in 0.2 N HCl for I5 min each (depurination), three I5 mm 
denaturation washes (1.5 M NaCl, 0.5 N NaOH), and three I5 mm 
neutralization washes (1.5 M NaCl, 0.5 M Tris, pH 7.4). DNA transfer 
proceeded overnight in IOX SSC buffer (IX SSC: O.I5 M NaCl, O.OI5 
M Na citrate, pH 7.0). After transfer, the blot was vacuum dried for 
two hours. 
Nick-translated hybridization probes were synthesized from 
purified fragments containing relevant DNA sequences to a specific 
activity of greater than I X I08 cpm/µg DNA with [a-32P]-dCTP 
(Ci/µl) according to instructions specified in the Gibco-BRL Nick-
Translation Kit. Prehybridization of filters was done at 42°C for 2-4 
hrs in solution containing 50% formamide, 20% NaHP04 solution (5 M 
NaCl, 50 mM Na2P04, 0.5% pyprophosphate), 5X Denhardt's solution 
(50X Denhardt's: 5 g Ficoll 400, 5 g polyvinylpyrolidone, 5 g bovine 
serum albumin in 500 ml sdH20), 0.5% SDS (v/v), and O.I mg/ml 
denatured 
denatured 
salmon sperm DNA. 
at I 00°C for 5 min 
Labelled probe that had been 
was added directly to the 
prehybridization solution and filters were incubated at 42°C 
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overnight. The filters were then washed three times for 15 min each 
in 2X SSC, 0.1 % SDS at 65°C. Filters were blotted dry and exposed to 
film overnight. 
RNA Analysis by Northern and Slot Blot Hybridizations 
A. Isolation of total cellular RNA 
Total RNA was isolated from yeast strains by the glass bead 
disruption and hot phenol extraction method of Elion and Warner 
(1984). Twenty-five ml cultures were harvested at mid-log phase 
(between 60-80 Klett units). Cells were pelleted by centrifugation 
and washed once with ice cold sdH20, repelleted and resuspended in 
0.5 ml of LET-I% SDS (0.1 M LiCI, 10 mM EDTA, 0.01 M Tris-HCL pH 
7.4, 1 % SDS). This suspension was transferred to a sterile 15 ml 
disposable glass screw cap tube and placed at -80°C overnight. The 
next day, cell pellets were thawed on ice. The cellular contents were 
released by vortexing each sample with 0.5 ml volume of glass beads 
for 25 seconds. One hundred µI of phenol/chlorform were added to 
each sample. Each sample was then vortexed 4 x 25 sec, placing 
them on ice between each vortexing pulse. Two ml of LET containing 
0.2% SDS were added to each sample. Two successive hot phenol 
extractions were then performed for each sample by transferring the 
mixture into a tube containing 2.5 ml of hot phenol placed in a water 
bath at 65°C. Each sample was vortexed for 5 sec, placed on ice for 4 
min, and centrifuged to recover the aqueous layer each time. The 
last fraction was transferred to a 15 ml Corex tube. LiCl was added 
to a final concentration of 0.3 M and the RNA was precipitated by 
adding 2.5 volumes of ethanol and placing the samples at -20°C 
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overnight. The RNA was pelleted at 10,000 rpm for 30 mm at 4°C 
and each pellet was dissolved in 0.4 ml of sdH20. The RNA was then 
reprecipitated by adding 0.1 ml of 0.5 M NaCl and 1 ml of ethanol. 
The RNA was pelleted by centrifugation and resuspended in 200 µl of 
sdHzO. The concentration of RNA was determined by measuring the 
optical density at 260 nm (1 O.D. = 40 µg/ml). 
B. Northern blot hybridization analysis 
Ten µg of total RNA were dissolved m a 3X volume of sample 
buff er (50% formamide, 20 mM MOPS (3-(N-
morpholino)propanesulfonic acid], 1 mM EDTA, 5 mM NaOAc, 2.2 M 
formaldehyde), heated to 65°C for 5 mm to reduce secondary 
structure and fractionated on a 1.2% (w/v) agarose, 3% (v/v) 
formaldehyde, 20 mM MOPS, 1 mM EDT A gel. The running buffer 
was 20 mM MOPS pH 7.4, 1 mM EDT A. RN A was transferred to 
Nytran modified nylon membrane (0.45 µm)(Micron Separations Inc.) 
by capillary blotting overnight in 20X SSC and the membrane was 
baked at 80°C under vacuum for 2 hrs. 
Single-stranded RNA probes (riboprobes) were synthesized 
with the Riboprobe® Gemini II Core System (Promega) according to 
manufacturers suggestions with plasmids linearized with a 
restriction enzyme and transcribed with a RN A polymerase as 
follows (shown as plasmid, restriction enzyme, RNA polymerase for 
the indicated (parenthesized) probe: pAB309~, Eco RI, SP6 
(TCM 1 )(Hudak et al., 1994); pJH310, Hindlll, T7 (/NO 1 )(Hudak et al., 
1994); pAS103, Hindlll, T7 (CHOJ)(Hudak et al., 1994); pGEM-IN02, 
Sall, T7 (JN02)(Ashburner and Lopes, 1995b); pPLg, BamHI, SP6, 
(ACTJ)(Ashburner and Lopes, 1995b); pGEM-IN04, Sall, TI, (IN04). 
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Synthesis of riboprobes was performed in a 30 µl total volume with 6 
µI of 5X buffer (200 mM Tris-HCl [pH 7.9], 30 mM MgCI2, 10 mM 
spermidine, 50 mM NaCl), 2 µl of 100 mM DTT, 20 units RNasin® 
ribonuclease inhibitor, 6 µl of 2.5 mM NTPs (CTP, GTP, and ATP), 3.6 
µl of 100 µM UTP, 0.5 µg of linearized template DNA, 5 µl of [a-32P]-
UTP (10 mCi/ml), and 20 units of RNA polymerase (SP6 or T7). 
Reactions were carried out for 1 hr at 37°C. Reactions were stopped 
by adding 1.0 µl of 0.5 M EDT A. The riboprobes were precipitated by 
adding 1.0 µI of 0.5 M NaCl, 1.0 µl of 10 mg/ml yeast tRNA, and 80 µl 
of ethanol. The pellets were resuspended in 100 µl of sdH20. Filters 
(Northern or Slot blots) were prehybridized in solution containing 
50% formamide, 0.25 M NaHP04, pH 7.4, 5X Denhardt's solution, 0.5% 
SDS. 0.1 mg/ml denatured salmon sperm DNA for 2-4 hrs at 55°C. 
Labelled riboprobes (50 µ 1) were added directly to the 
prehybridization solution and the filters were hybridized overnight 
at 55°C. The next day, filters were washed three times for 15 mm 
each in 2X SSC, 0.1 % SDS at 65°C. Filters were blotted dry and 
exposed to X-ray film. 
C. Quantitative slot blot hybridization analysis 
Slot blot analysis was performed using a slot blot apparatus 
from Gibco-BRL. Typically, 3 µg of total RNA was loaded into each 
well with 0.4 ml of 20X SSC. RNA was immobilized onto Nytran 
modified nylon membrane (0.45 mm)(Micron Separations Inc.) by 
applying vacuum to the slot blot apparatus to remove liquid from the 
wells. Each well was washed once with 0.4 ml of 20X SSC by 
applying vacuum. Filters were baked under vacuum for 2-4 hrs at 
80°C. Prehybridization and hybridization were performed as 
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described for Northern blot filters. Quantitation was done usmg a 
densitometer. The constitutively expressed TC M 1 or A CT 1 gene 
transcripts were used to normalize for loading variations. 
CAT Assays 
A. Preparation of yeast extracts 
Whole cell yeast extracts to be assayed for CAT activity were 
prepared by growing 5 ml cultures of cells to 50-60 Klett units. Cells 
were pelleted by centrifugation and washed in 0.5 ml of cold 0.25 M 
TRIS, pH 7 .5. Cells were transfered to microfuge tubes and 
centrifuged for 5 min at full speed. The cell pellets were 
resuspended in 0.2 ml of cold 0.25 M TRIS, pH 7 .5. Cells were broken 
open by adding 200 µ 1 of 0.5 mm glass beads and shaking on a 
vortexer in the cold room for 8 20-sec rounds of shaking with 20-sec 
pauses between each round to allow the cells to cool. The extracts 
were then centrifuged for 5 min at 4 °C to pellet the glass beads and 
cell debris. The supernatants were removed to new tubes and 
protein concentrations of each extract were determined usmg the 
Bio-Rad protein assay kit according to manufacturers specifications. 
Extracts were assayed immediately or stored at -80° C for up to one 
week. 
B. Phase-extraction assay for CAT activity 
CAT assays were performed using the phase-extraction method 
(Seed and Sheen, 1988). Typically, 10 µg of protein was assayed in a 
100 µl reaction volume containing I µl of 25 mM n-butyryl coenzyme 
A (Sigma) and 1 µ 1 of 14C-chloramphenicol (0.025 µ.Ci/µ 1) 
(Amersham). The reactions were incubated at 37°C for 1 hr. 
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Reactions were stopped by adding 200 µ 1 of a 2:1 mixture of 
tetramethylpentadecane:xylenes and vortexing. Samples were 
centrifuged for 5 min at room temperature. After centrifugation, 
160 µl of the upper (organic) phase was mixed with 4 ml of liquid 
scintillation fluid (Bio-Safe II, Research Products International). 
Eighty µl of the lower phase from a few samples was dryed on glass 
fiber filters (Fisher) and the filter was placed in 4 ml of liquid 
scintillation fluid. Samples were then counted usmg a Beckman LS 
6500 scintillation counter and CAT activity rn each sample was 
determined. Units of CAT activity are defined as counts per minute 
measured in the organic phase and expressed as a percentage of total 
counts per minute (percent conversion) divided by the amount of 
protein assayed (in micrograms) and time of incubation (in hours). 
B-galactosidase Assays 
B-galactosidase assays were performed essentially as described 
m Lopes et al. (1991). Five ml yeast cultures were grown overnight 
at 30°C m complete synthetic media that contained the appropriate 
supplements for each experiment (1-C- or I+C+ ), and lacked the uracil 
for plasmid maintenance. Part of the 5 ml overnight culture was 
used to inoculate 25 ml of fresh media to a Klett reading of 15-20. 
Cultures were allowed to grow at 30°C, and cells were harvested at a 
density range of 60-80 Klett units (mid-logarithmic stage). The cells 
were pelleted and suspended m 1 ml B-galactosidase buffer and 
frozen overnight at -80°C. To prepare cell extracts, frozen cells were 
thawed on ice and broken open by vortexing 6 X for 15 sec with 1 ml 
acid washed glass beads. The supernatant was transferred to a 1.5 
4~ 
ml microfuge tube, and cell debris was pelleted at 8,000 rpm for 15 
min. The supernatant was collected, and used in B-galactosidase 
activity assays. 
To assay B-galactosidase, 330 µl of cell extract was added to 
1.32 ml B-gal assay buffer and incubated at 28°C for 5 min. The 
reaction was initiated by adding 660 µl of 4 mg/ml ONPG. Aliquots 
of 700 µl were removed after 5, 10, and 15 min and added to 500 µl 
1 M N a1 C 0 3 to stop the reaction. Optical densities of the final 
solutions were measured at 420 nm. The total protein concentration 
of each extract was determined using a Bio-Rad assay kit (Bradford, 
1965). B-galactosidase units are defined as (O.D.420/min/mg total 
protein) x 1000. 
Primer Extension Analysis 
The precise site of transcription initiation of the IN 0 2 
transcript was determined by primer extension analysis (Elion and 
Warner, 1984). An oligonucleotide (IN02(586-600);Table 2) was end 
labeled at its 5' end with [y-32P]-ATP. The reaction was carried out 
in a 20 µl volume containing 50 mM TRIS, pH 7.8, 10 mM MgCii, 5 
mM DTT, 50 µCi [y-32P]-ATP (Amersham), 0.2 µg of DNA and 30 units 
of T4 polynucleotide kinase (Gibco-BRL). The reaction was incubated 
at 37°C for 30 min and was stopped by adding 2 ml of 0.5 M EDTA. 
The reaction was extracted once with an equal volume of 
phenol/chloroform (1 :1) and precipitated by adding 5 µl of 3 M 
sodium acetate, 1 µl of 10 mg/ml yeast tRNA, and 2 volumes of 
ethanol. The labeled oligo was resuspended in 10 µl of 1 X TE-pH 8.0. 
Primer extensions were carried out by ethanol precipitating RNA (10 
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µg/reaction), washing with 70% ethanol and resuspending in 7 µl of 
IX TE-pH 8.0. 2 µl of primer extension buffer (10 mM TRIS pH 7.8, 1 
mM EDTA, 0.25 M KCl) and 2 ng of labeled oligonucleotide were 
added to the reaction. Reactions were heated to 90°C for 5 min then 
incubated at 55°C for 6 hrs to anneal the oligo with the RNA. 
Following the annealing step, 25 µl of reverse transcription buffer 
(20 mM TRIS pH 8.0, 10 mM MgCb, 5 mM DTT, 0.4 mM dATP, 0.4 
mM dGTP, 0.4 mM dTTP, 0.4 mM dCTP, 10 µg/µl actinomycin D) and 
25 units of reverse transcriptase (Gibco-BRL) were added. The 
reaction was incubated at 42°C for 1 hr and then precipitated by 
adding 7.4 µl of 0.5 M NaCl and 2 volumes of ethanol. The primer 
extension products were resuspended in 4 µI of sterile distilled water 
and 4 µl of sequencing dye (95% formamide, 20 mM EDTA, 0.05% 
bromophenol blue, 0.05% xylene cyanol). Products were fractionated 
on a sequencing gel along side a DNA sequencing ladder to determine 
the size of the products. 
DNA Sequencing 
Double-stranded DNA templates were sequenced by the 
dideoxy chain termination method of Sanger et al. (1977) using the 
Promega fmol™ sequencing system. One µg of purified plasmid DNA 
(pTAIN04) was mixed with 1.0 ng of pnmer (1N04-Bam; Table 2). 
Five µ 1 of fmol™ sequencing buffer and 1 µ 1 of [a _3 5 S] - d ATP 
(Amersham) were added. Sterile distilled water was added to bring 
the final volume to 16 µl. One µl of sequencing grade Taq DNA 
polymerase (5 units/µl) was added to the primer/template mix. Four 
µl of the enzyme/primer/template mix was then added to each of 
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four tubes containing 2.5 µ 1 of the appropriate d/ddNTP mix 
(d/ddGTP, d/ddATP, d/ddTTP, d/ddCTP). Twenty µl of mineral oil 
was added to each reaction tube. The reactions were then subjected 
to PCR amplification (1 cycle at 95°C for 2 min, followed by 30 cycles 
at 95°C for 30 sec (denaturation), 55°C for 30 sec (annealing), 72°C 
for 1 mm (extension)). After the thermocycling program was 
completed, 3 µl of fmol™ Sequencing stop solution was added to each 
tube. Reactions were heated to 70°C for 2 min prior to loading on a 
sequencing gel. The reactions were fractionated on a 6% (w/v) 
polyacrylamide, 7 M urea wedge gel (0.25 mm- 0. 75 mm) at a 
constant 90 watts. Sequencing gels were dried directly onto 
Whatmann 3M filter paper and exposed to X-ray film for 24-48 
hours. 
Derepression Assay 
To determine the kinetics of derepression of the IN 0 2 and IN 01 
genes, wild-type strains harboring either an IN 0 2-cat reporter fusion 
or an IN 01-cat reporter fusion were inoculated into 20 ml of medium 
supplemented with inositol and choline (repressing). Cultures were 
grown to mid-log phase (50-60 Klett units), and cells were collected 
by filtration onto a nitrocellulose filter with a Millipore filter 
apparatus. Cells were washed twice with prewarmed medium 
lacking inositol and choline and then resuspended in 25 ml of 
medium lacking inositol and choline (derepressing). Samples (5 ml) 
were taken at vanous times and assayed for CAT activity as 
described earlier. 
CHAPTER IV 
RESULTS 
A 5' Cytosine or Adenosine residue is essential for maximal UAS1No-
driven gene expression 
In order to test the effectiveness of the 10 bp consensus 
sequence of the UAS1NO element as a UAS, a set of oligonucleotides 
was constructed (Table 2) and inserted into pJH304 (Table 3). This 
plasmid contains the CY C 1 basal promoter and the reporter gene 
fusion CYCJ-lacl'Z, but it lacks a functional UAS (Lopes et al., 1991). 
Each oligonucleotide contained the 9 bp core sequence, 5' 
ATGTGAAAT3' (Hirsch, 1987; Lopes et al., 1991). The tenth base at 
the 5' end (i.e., the first position of the 10 bp UAS1No) was varied to 
produce all four possible configurations. Previously, it had been 
shown that the 9 bp core sequence was completely incapable of 
servmg as a UAS (Lopes et al., 1991). When a T or a G residue was 
placed at the first position of the 10 bp UAS1No, to produce the 
sequences, 5'TATGTGAAAT3' or 5'GATGTGAAAT3', the constructs 
were found to be incapable of serving as a UAS m a wild type strain 
(Table 4). However, positioning an adenosine rn the first position 
(5'ATGTGAAAT3') produced an element that was capable of serving 
as a UAS. The construct with this element supported expression of 
45 units of B-galactosidase activity under derepressing conditions 
(i.e., in the absence of lipid precursors; 1-C-; Table 4). Expression 
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Table 4. Effect of 5' nucleotide substitutions on UASINo activity 
J3-galactosidase Activitya 
Nucleotide 5' to Wild Type opil 
the 9-merb l+C+c I-C-d I+C+ I-C-
9 mere < 1.0 < 1.0 2.1±0.8 2.6 ± 1.0 
c 8.4 ± 2.4 122.0 ± 21.8 477.2 ± 45.1 485.0 ± 52.1 
A < 1.0 45.0 ± 4.5 307.6 ± 31.0 250.4 ± 25.0 
T < 1.0 < 1.0 < 1.0 < 1.0 
G < 1.0 < 1.0 < 1.0 < 1.0 
a unit = 1000 x (optical density @ 420nm/min/mg of total protein) 
b The 9-mer has the sequence: 5'- ATGTGAAAT - 3'. The sequences referred to 
above were constructed with Xhol flanking sequences (ctcgag) and ligated into the Xhol 
site of the UAS-less vector, pJH304. 
c I+C+, complete synthetic media supplemented with 75 µM inositol and 1 mM choline. 
d 1-C-, unsupplemented complete synthetic media. 
e In this construct there is no nucleotide intervening between the Xhol flanking sequences 
and the 9-mer. The Xhol nuceotide 5' of the 9-mer is a G. 
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from the construct containing this synthetic element was completely 
repressed in the presence of inositol and choline (I+C+, repressing; 
Table 4 ). Positioning of a cytosine residue at the first position 
(5'CATGTGAAAT3') produced an element capable of supporting 122 
units of B-galactosidase activity from the reporter gene under 
derepressing conditions (Table 4). This construct, unlike the 
construct containing an adenosine at the 5' end, was not completely 
repressed in the presence of the lipid precursors inositol and choline. 
The ratio of repressed to derepressed levels of expression was 
approximately 15-fold for the construct containing a C at the first 
position. Based on these results, the functional UAS1NO element is 
proposed to be a 10 bp element, 5' (C/A)ATGTGAAAT 3'. 
These four variations of the UAS1NO element were also tested in 
a repressor-deficient (op ii) strain. In the op ii genetic background, 
those elements with a C or A at the first position supported a high 
constitutive level of B-galactosidase activity, consistent with the 
phenotype of an opii mutant strain (Hirsh and Henry, 1986; Bailis et 
al., 1987). The T- and G-containing UASINo elements were inactive in 
the opii background. 
IN 02-cat. but not IN 04 -cat. expression 1s regulated by inositol and 
choline 
Computer-assisted searches of the IN 0 2 and IN 04 promoters 
revealed that they each contain a copy of the UAS1NO element (Figure 
4 ). This led to speculation that expression of the IN 0 2 and/or IN 0 4 
genes may be transcriptionally regulated in response to inositol and 
choline. Therefore, to determine if IN 0 2 and/or IN 0 4 expression 
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were regulated, plasmids were constructed that fused sequences 
upstream of the AUG translation start codons of the IN02 and I N04 
genes to a GAL 4 -cat fusion reporter gene. A single copy of these 
fusions was integrated into the yeast genome without any associated 
vector sequences by homologous recombination at the GAL4 locus 
(see Figure 2) to create BPAlOl and BPA102 (Table 1). 
The data in Table 5 show that expression of the IN 0 2 -cat 
reporter gene was approximately 12-fold higher in the absence of 
inositol and choline than in their presence. In contrast, there was no 
difference in the level of expression of the IN 04 -cat fusion in the 
presence or absence of inositol and choline (Table 5). The level of 
expression of the IN 04 -cat construct was approximately six-fold 
higher than was the IN 0 2 -cat construct under derepressing 
conditions, suggesting that IN 0 2 expression is limiting relative to that 
of IN 04. As a control, a strain (BPA 103) containing a promoter less 
cat construct was also analyzed and the results show that there was 
no cat expression from this vector (Table 5). Therefore, any 
expression observed in this system must originate from the inserted 
promoters. 
Interestingly, the pattern of IN 0 2-cat expression is reminiscent 
of the pattern of expression of one of its target genes, IN 01 (Hirsch 
and Henry, 1986). This point was illustrated by analysis of JNOJ-cat 
expression (Table 5). The results agree with published data 
describing IN 01 regulation (Hirsch and Henry, 1986) and show that 
although the degree of regulation differs for IN02-cat and INOJ-cat 
(12-fold vs. 27-fold, respectively), the pattern of regulation is the 
same. In addition, the JN02-cat fusion was 
> GGATCTGAGT TACTTTGAAT CITTGATAAT ATGGATTGAG TGCCTCTTCC ATTATTTCTA TTATTATAAT CTCAACGITT AATATGAATT AACCAACCAC 
ACTCAAACCA AATCTACGCC AGCTACAAAT GGTAGGAGAA TGAAGACACA CCAGGACTCA AACACGATTT CCCAACAATG TCTTTCAACA TGCTGCTTGC 
CGGTCACTAC TGCACTTCCT GCGCCTTTTC CGTTGAATCA CCCTCCATAG TGCGGCAGAT GGAACCAACC TAACCTTTTT TCAGCAGGAG GTAAAAAATT 
CGCCGGTTTT CTATCTCCCT CCGTCATCGG CAGGGCGTTG ACACCTGTCC AAGTACAACA CACATGTGAA TTTTTTTCAG TGATTAAAGG CTCATCTCAT 
CATATCTTAT TGTAATCAGT ATTTGGCGTC ATAAGCAATT CGAAATTGGT TCGGTTCCAT CTCGTTGACG TGCAATAAAT AAATACATGi AACAGCAAAG 
MET 
GAGAAAATG 
~ 
)o 
AAGCTTTAGT GTCGATGAAG TTGGATAGAA CTAATGAGGT CGGGGTACCT CCAAATCTGT GTAAGGTACC ATTTGCAAAA GCGGCGAAGT CAATCAAGTT 
GTAGTCCAAG CCAGGGTCTT CAAGAACTAG ITTGTTGTAC AAGGATCTCC TTATACAGAA AAGGGTTGCA GTTAAGCATA TATAAGTGAC TGTAATAAAT 
TTAGTAGCAT CAGGAATCTT ATTGATATTT AAAAATGAAT CCGGGATATT CAATTCTAGG AACCTCGAAC TATATTGCAT TATAGTGAAC AAATATCTTT 
GTTATAAATA GATTAGTCGT CTTCTTTTTC TTGGCTTGGT TTGTATGAGC TTGTTACGTA TCAAACAAAA TATTCACATG TTTTTCTCAC CTTAAAGACA 
MET 
GAGGCGCGAT TGCCTTTGCG AAATTCCAAT GCCAACAAGA TAAGCTTGAC GAAGGAGTTA AGAGGGCGGC TTGAACTAAA AjGAGAAAAG CAATAATG 
BamH~ 
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Figure 4. IN02 and IN04 promoter sequences. Noted for reference 
are the initiation codons (MET), potential UAS1No elements (arrows 
indicate orientations), a potential TATA box in the IN04 promoter 
(underlined), and the oligonucleotide primers (with flanking 
restriction sites) used for PCR amplification. 
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TABLE 5. Regulation of IN02-cat gene expression by inositol 
CAT activitya 
Reporter geneb I-C-c I+C+d Fold regulatione 
IN02-cat 0.75 0.08 12.3 (2.8) 
IN04-cat 4.41 4.37 1.0 (0.1) 
OPII-cat 18.50 11.00 1.7 (0.2) 
INOJ-cat 33.90 1.30 27.0 (9.6) 
promoterless-cat 0.01 0.01 1.1 (0.6) 
a Assays were carried out employing extracts from yeast transformants harboring each of 
the reporter genes. Each value represents the average of data from at least 4 
experiments. 
b Each reporter gene was integrated in single copy at the GAIA locus of BRS 1001 as 
described in the Materials and Methods. 
c 1-C-, complete synthetic media (17) lacking inositol and choline. 
d I+C+, complete synthetic media (17) supplemented with 75 µM inositol and 1 mM 
choline. 
e Average of the fold-regulation (I-C-/I +C+) for each experiment with standard deviation 
in parentheses. 
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expressed at a level approximately 45-fold less than was IN 0 I -cat. 
JN02. but not IN04. mRNA level is regulated in response to inositol 
The levels of the native IN 0 2 and IN 04 transcripts were also 
examined by quantitative slot blot analysis. Previous attempts to 
identify the IN 0 2 transcript had been unsuccessful, presumably due 
to the weak level of expression from the IN 0 2 promoter. However, 
the use of high specific activity riboprobes allowed for detection of 
both the IN 0 2 and IN 0 4 transcripts by quantitative slot blot 
analysis. This data showed that the IN 0 2 transcript is regulated 
approximately 5-fold in response to inositol, while the IN 0 4 
transcript was expressed constitutively (Table 6). These results are 
in agreement with those described above for IN02-cat and IN04-cat 
regulation. 
IN02-cat expression requires wild-type alleles of the IN02 and IN04 
genes 
Because Ino2p may be able to bind to its own promoter 
through the UAS1NO element and since the IN02-cat fusion is 
regulated in response to inositol and choline, it is possible that IN 0 2 
expression may be autoregulated. In order to determine if IN 0 2 
expression 1s autoregulated, the 7 .6 kb K p n I IS st I fragment 
containing the IN02-cat fusion was integrated at the GAL4 locus in 
an ino2 null strain (a la, Table 1). The ino2 mutant strain harboring 
the IN02-cat reporter fusion (BPA104) was then assayed for CAT 
activity under repressing conditions (75 µM inositol and lmM 
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TABLE 6. Comparison of native levels of IN 0 2 and IN 04 transcripts in a wild 
type strain. 
I+C+l I-C-1 Fold Regulation 
IN02/ACTJ2 0.077 0.344 4.5 
IN04/ACT/2 0.935 1.085 1.2 
1, I+C+, 75 µM inositol, 1 mM choline; 1-C-, no inositol or choline 
2, levels of IN02 and IN04 transcripts normalized to ACT/ 
5.6 
choline). The data in Table 7 show that the IN 0 2-cat fusion was not 
expressed in the i no2 mutant strain. It should be noted that the 
expression of the IN 0 2-cat reporter at this concentration of inositol 
was reduced to a level equal to that of a promoterless cat construct. 
Further, the repressed level of expression of JN02-cat in the ino2 
mutant strain was about four-fold lower than the repressed level in 
the wild-type strain. The ino2 mutant strain containing the IN 0 2 -cat 
fusion was also grown in medium containing 10 µM inositol to test 
the effect of the i no2 mutation under derepressing conditions. This 
concentration of inositol is the minimal amount required for growth 
of the ino2 strain while simultaneously allowing partial derepression 
of phospholipid biosynthetic gene express10n rn a wild-type strain. 
While in the wild-type strain an intermediate level of expression was 
observed (Table 7), IN 0 2 -cat was not expressed in the i no2 mutant 
strain at this concentration of inositol. These results suggest that a 
wild-type allele of the JN02 gene is required for JN02 expression, 
thus, the Ino2p does autoregulate its own expression. Since wild-
type alleles of both IN02 and IN04 are required for expression of the 
genes encoding the phospholipid biosynthetic enzymes, then IN 0 4 
may also be required for IN 0 2 expression. To determine this, the 
IN02-cat reporter fusion was integrated at the GAL4 locus in an ino4 
null genetic background (Nul 20, Table 1) to create BPA107. This 
strain was then assayed for CAT activity under repressing conditions 
(75 µM inositol and 1 mM choline) and in medium containing 10 µM 
inositol. The IN 0 2 -cat reporter fusion was not expressed in this 
strain when grown under either condition (Table 7). Therefore, in 
addition to being 
TABLE 7. Autoregulation of IN02 and IN04 gene expression 
Relevant strain 
Reporter geneb genotypec 
JN02-cat Wild type 
IN02-cat ino2 
JN02-cat ino4 
IN04-cast Wild type 
IN04-cat ino2 
IN04-cat ino4 
promoterless-cat ino2 
CAT activitya 
10 µM inositol 
lrnM choline 
0.43 
0.02 
0.01 
N.D. 
3.35 
0.01 
0.02 
7 5 µM inositol 
lrnM choline 
0.08 
0.02 
0.02 
4.37 
4.20 
0.02 
0.02 
promoterless-cat ino4 0.02 0.02 
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a Assays were carried out employing extracts from yeast transformants harboring each of 
the reporter genes. Each value represents the average of data from at least 3 
experiments. 
b Each reporter gene was integrated in single copy at the GALA locus as described in the 
Materials and Methods. 
c The strains used in these experiments were BRS 1001 (wild type), alA (ino2), and 
NUL20 (ino4). 
N.D., not determined 
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autoregulated, JN02 express10n also requires a wild-type allele of the 
JN04 gene. 
JN04-cat express10n reqmres a wild-type allele of IN04. but does not 
require IN02 
Expression of the IN04-cat reporter fusion was found to be 
constitutively expressed (Table 5). Therefore, although IN 0 4 
expression is not sensitive to regulation rn response to inositol and 
choline, its promoter does contain a copy of the UAS1NO element, so 
its expression may still require wild-type copies of the IN02 and 
IN04 genes. In order to test this, the IN04-cat reporter fusion was 
integrated at the GAL4 locus in both an ino2 null (ala) and ino4 null 
(Nul 20) genetic background to create BPA105 and BPA106 and 
assayed for CAT activity under repressing (75 µM inositol and 1 mM 
choline) conditions and in 10 µM inositol. In contrast to IN02-cat 
expression, IN04-cat was expressed at wild-type levels in the ino2 
mutant strain both at 10 µM inositol and at 75 µM inositol (Table 7). 
However, IN04-cat expression was abolished in the ino4 mutant 
strain (Table 7). This suggests that the constitutive expression of 
IN 0 4 reqmres a wild-type copy of the IN 0 4 gene but does not 
require the IN 0 2 gene. 
JN02-cat express10n 1s sensitive to regulation by 0P11 
In addition to the positive activator, IN02 and IN04 genes, the 
phospholipid biosynthetic genes are also regulated by the negative 
regulatory protein encoded by the OP/ 1 gene (White et al., 199lb), 
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and its action 1s also dependent upon the U AS1No element. Strains 
harboring mutant alleles of the 0PI1 gene constitutively overexpress 
the phospholipid biosynthetic genes (Hirsh and Henry, 1986; Bailis et 
al., 1987). To determine if IN 0 2 and IN 0 4 expression is also 
negatively regulated by OP/ 1, the IN02-cat and IN04-cat reporter 
fusions were integrated at the GAL4 locus of an opil mutant strain 
(BRS1021) to create BPAllO and BPAlll and assayed for CAT 
activity under repressing (75 µM inositol and 1 mM choline) and 
derepressing (no inositol and choline) conditions. The data show that 
in the op ii strain IN 0 2 -cat was overexpressed constitutively at a 
level higher than the fully derepressed level m the wild-type strain 
(Table 8). Curiously, the level of IN 0 2 -cat expression in the op i1 
strain was equivalent to that of IN 0 4 -cat in the wild-type strain 
(Table 8 and Table 5). In contrast, IN 0 4 -cat expression was 
unaffected by this mutation (Table 8). Therefore, IN 0 2, but not 
IN04, expression is negatively regulated by the product of the OP/I 
gene. 
OP I 1 ::.£aJ. is modestly regulated and is nonlimiting 
Since the 0 PI 1 negative regulatory gene was required for the 
inositol-choline response, it was possible that its expression may also 
be regulated in response to inositol and choline. This type of 
mechanism has already been reported for the GAL 8 0 negative 
regulatory gene of S. cerevisiae (lgarashi et al., 1987; Shimada and 
Fukasawa, 1985). Therefore, the level of cat expression driven by 
the 0 PI 1 promoter was determined in a strain harboring an 0P11 -cat 
TABLE 8. Regulation of IN02 expression by the OPII gene 
Reporter gene b 
IN02-cat 
IN02-cat 
IN04-cat 
IN04-cat 
promoterless-cat 
Relevant strain 
genotyPec 
Wild type 
opil, IN02, IN04 
Wild type 
opil, IN02, IN04 
Wild type 
0.75 
4.00 
4.41 
4.36 
0.01 
CAT activitya 
I+c+e 
0.08 
5.23 
4.37 
5.85 
0.01 
promoterless-cat opil, IN02, /N04 0.02 0.02 
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a Assays were carried out employing extracts from yeast transformants harboring each of 
the reporter genes. Each value represents the average of data from at least 3 
experiments. 
b Each reporter gene was integrated in single copy at the GAIA locus as described in the 
Materials and Methods. 
c The strains used in these experiments were BRS 1001 (wild type), and BRS 1021 (opil, 
IN02, IN04). 
d 1-C-, complete synthetic media (17) lacking inositol and choline. 
e I+C+, complete synthetic media (17) supplemented with 75 µM inositol and 1 mM 
choline. 
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fusion (BP A 113 ). The data show that there was a modest regulation 
of OP/I-cat expression (1.7-fold; Table 5). Based on thisdata, it is not 
clear that this modest regulation of 0 Pf l expression is important for 
the inositol-choline response. However, the more significant 
observation was that 0 PI I -cat expression was always in large excess 
relative to IN02-cat and IN04-cat expression. This suggests that the 
inositol-choline response may be initiated by the product of the 0 Pf 1 
gene. 
Kinetics of IN02 and fNO 1 derepression 
The regulation of fN02-cat expression is reminiscent of that of 
its target genes. That is, the expression of both f N 0 2 -cat and IN 01 -
cat was regulated (Table 5), sensitive to ino2 and ino4 mutant alleles 
(Table 7) (Hirsch and Henry, 1986), and regulated by the 0 Pf 1 
repress or (Table 8) (Hirsch and Henry, 1986 ). Since f N 0 2 is required 
for its own expression as well as expression of the IN 0 1 gene, the 
kinetics of IN02 and fNOJ derepression might be different. 
Strains harboring either an fNOJ-cat reporter fusion (BPA114) 
or an IN02-cat reporter fusion (BPA101) were used to determine the 
kinetics of derepression. Cultures were grown m medium 
supplemented with inositol and choline (repressing) and were then 
switched to medium lacking inositol and choline (derepressing). 
Samples were taken at various time points after the switch to 
derepressing medium and assayed for CAT activity. The data show 
that the pattern of f N 0 2 -cat derepression was similar to that of 
INOJ -cat; however (Figure 5). Both genes were fully derepressed at 
2.5 hrs. 
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Cooperative regulation of the phospholipid biosynthetic genes by 
JN02 
One very sensitive mechanism for coordinating the expression 
of several target genes is to regulate expression of the cognate 
activator proteins. For example, a 4-fold regulation of GAL 4 
expression contributes to a 1000-fold regulation of the GAL 1 gene 
(Griggs and Johnston, 1991). A major part of this regulation is the 
result of cooperative binding of the G AL4 activator to multiple sites 
in the GALI promoter. Since IN02-cat expression was regulated and 
several of its target genes have multiple IN 0 2 -binding sites, we 
examined whether there 1s cooperativity rn regulation of 
phospholipid biosynthetic gene expression. To do this, expression of 
two IN02 target genes was quantitated under growth conditions that 
establish different levels of IN 0 2 expression. The two target genes 
were IN 01 and CH 0 1 , which have two and one binding site(s), 
respectively. 
To establish different levels of IN 0 2 express10n, cells were 
grown in media supplemented with different concentrations of 
inositol (range, 0 to 100 µM). The amount of IN 0 2 expression was 
determined by assay of CAT activity in a wild-type strain harboring 
the IN02-cat reporter fusion, whereas INOJ, CHO 1, and TC M 1 
expression was determined by Northern blot hybridization. A 
representative Northern blot hybridization showing the patterns of 
expression and the specificity of the probes is shown (Figure 6). The 
constitutively expressed ribosomal protein gene TC M 1 was used to 
normalize for loading variations. The patterns of expression of IN 01 
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Figure 5. Comparison of derepression kinetics of /NOJ-cat and IN02-
cat expression. Strains harboring an IN02-cat fusion or an INOJ-cat 
fusion were grown to mid-log phase rn repressrng medium 
(containing inositol and choline) and switched to derepressing 
medium (containing neither inositol or choline). Samples were taken 
at various time points and assayed for CAT aciti vity. 
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and CH 01 relative to 1N0 2 -cat were best fit by a sigmoidal curve 
(Figure 7). In support of this observation, the Hill coefficients were 
determined to be 3.04 and 1.42 for the IN 01 and CH 01 curves, 
respectively (EnzFit version 1.05; Elsevier-Biosoft). This sigmoidal 
relation was characteristic of a cooperative mechanism (Giniger and 
Ptashne, 1988; Griggs and Johnston, 1991 ), which was surprising 
since the CHOI promoter only has a single UAS1NO element (Bailis et 
al., 1992). Even the JNOJ cooperativity cannot be explained on the 
basis of multiple UAS1NO elements since there was no synergism 
between the two JNO 1 UAS1NO elements (Koipally et al., submitted; 
Lopes and Henry, 1991). A model to describe these results will be 
proposed in the discussion. 
Uncoupling IN02 express10n from the inositol/choline response 
Expression of a reporter gene (cat) driven by the JN02 
promoter (integrated in single copy at the GAL 4 locus in a wild type 
strain) was found to be sensitive to different inositol concentrations 
in the growth medium (Figure 8). Specifically, increased levels of 
CAT activity were observed with decreasing concentrations of 
inositol. The effect of the different inositol concentrations on 
express10n of the IN 0 2 -cat gene was similar to the effect on 
expression of the IN 0 2 -target genes, IN 01 and CH 01 (see Figure 7) 
(Hirsch and Henry, 1986; Bailis et al., 1987). This raised the 
possibility that regulation of IN 0 2 express10n may be the primary 
mechanism for the coordinated response to inositol. To directly 
determine the role of IN 0 2 expression in the regulation and/or 
lliQl (1.6 Kb) ~ 
.cHQ! ( l.2 Kb)~ 
TCMI (1.4 Kb)~ 
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Figure 6. Northern blot hybridization of phospholipid biosynthetic 
genes. A representative Northern blot hybridization showing IN 01 
and CH 01 transcript levels grown in complete synthetic media 
supplemented with various inositol concentrations (0 to 100 µM) is 
displayed. The constitutively expressed ribosomal protein gene 
TC M 1 (Lopes et al., 1991) was used to normalize for loading 
variations. 
A 
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Figure 7. Effects of variation in levels of IN 0 2 expression on IN 0 1 
(A) and CH 01 (B) expression. IN 0 2 expression was determined by 
assay of JN02-cat activity. INOJ and CHOI express10n was 
determined by Northern blot hybridization. The extent of 
hybridization was quantitated by densitometry (arbitrary units), 
normalized for loading variations with the consititutively expressed 
ribosomal protein gene TC M 1 (Lopes et al., 1991). All assays were 
performed with cultures growing exponentially in complete synthetic 
medium (Hirsh and Henry, 1986) containing 1 mM choline and either 
lacking inositol or containing 10, 17.5, 25, 50, 75, or 100 µM in_ositol. 
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expression of the target genes, IN 0 2 express10n was uncoupled from 
the inositol response by placing it under the control of the galactose 
inducible GAL 1 promoter. To do this, a plasmid was constructed 
(pGALl-IN02) that placed the IN02 coding sequence downstream of 
the GALI promoter m plasmid pBM2289 (Griggs and Johnston, 1993). 
Plasmid pGAL1-IN02 (containing the URAJ selectable marker) was 
stably integrated in single copy at the uraJ locus of strain BRS2001 
(ino2L1) to yield BRS2011 (pGAL1-IN02::URAJ, ino2L1). This strain 
also lacked a functional IN 0 2 gene to insure that IN 0 2 expression 
originated exclusively from the GALI -IN02 hybrid gene. 
Expression of IN02 in BRS2011 (pGAL1-IN02::URAJ, ino2L1) was 
expected to be sensitive to carbon source (GAL I promoter-driven) 
but insensitive to inositol. To test this, two assays were used to 
examine IN02 express10n m BRS2011 (pGAL1-IN02::URAJ, ino2L1). 
First, the growth phenotype of BRS2011 (pGAL1-IN02: :U RAJ, ino2L1) 
was assayed on media containing different carbon sources and either 
lacking or containing inositol (Table 9). BRS2011 (pGAL1-
IN02:: U RAJ, ino2 ,1) grew normally on galactose media regardless of 
the presence or absence of inositol. That is, the level of GAL 1 
promoter-driven IN02 gene expression in media containing galactose 
rescued the inositol auxotrophy associated with the i no2 L1 mutant 
allele. However, this strain grew slowly in the presence of raffinose, 
and failed to grow on glucose when inositol was omitted. The 
inablilty of BRS2011 (pGALl-IN02::U RAJ, ino2L1) to grow on glucose 
and grow slowly on raffinose is presumably due to the low level of 
expression from the GAL I promoter which is repressed when cells 
are grown on glucose and reduced on raffinose (Johnston, 1987). 
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Figure 8. IN02-cat express10n 1s sensitive to different inositol 
concentrations. CAT activity was assayed from extracts of wild type 
cells (BRSIOOI) containing a single copy of an IN02-cat reporter gene 
integrated in single copy at the GAL 4 locus. Cells were grown m 
media containing different concentrations of inositol. All values are 
presented as a percentage of completely derepressed levels and are 
the average of at least 3 independent assays. Standard deviations 
were less than 15% in all cases. 
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Consequently, IN 0 2 express10n may be repressed in these strains 
under these two growth conditions thereby preventing the i no2 L1 
strain from growing in the absence of inositol. As controls, growth of 
an isogenic wild-type strain (BRS 1001) and the isogenic parent strain 
carrying the i no2 L1 allele (BRS2001) were also assayed under the 
same growth conditions. As expected, the wild-type strain grew 
under all conditions whereas the ino2 L1 strain required inositol for 
growth regardless of the carbon source (Table 9). 
The second assay involved direct quantitation of IN 0 2 
transcription in BRS2011 (pGAL1-IN02::URA3, ino2L1) by Northern 
and slot blot hybridizations. To do this, cells were grown in media 
that contained different concentrations of galactose and either lacked 
or contained inositol. The presence of different concentrations of 
galactose had previously been shown to result in different levels of 
expression from the GALI promoter (Aparicio and Gottschling, 1994). 
IN02 expression from the GALI promoter was found to be sensitive 
to the concentration of galactose in the growth medium (Figure 9, A) 
but was insensitive to inositol (Figure 9, B ). Consequently, expression 
of the IN 0 2 gene has been uncoupled from the inositol response and 
made sensitive to galactose concentration. 
Transcription of the IN 02 gene correlates with transcription of its 
target genes 
The BRS2011 strain (pGAL1-IN02::URA3, ino2L1) was used to 
determine if regulation of IN 0 2 express10n 1s a component of the 
coordinated response to inositol. That is, does yeast coordinately 
derepress expression of the phospholipid biosynthetic genes in 
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TABLE9. Growth phenotype of GALJ-/N02-containing ino2'1 strain a 
Inositol+ b Inositol -
Strain (Genotype) GalC Raf Glu Gal Raf Glu 
BRSlOOl (IN02) + + + + + + 
BRS2001 (ino2'1) + + + 
BRS2011 (pGAL1-IN02::URAJ, ino2'1) + + + + +/-
a Strains were tested by spotting approximately lx106 cells on the appropriate media. 
Growth was scored after 48 hrs (30°C) as wild type ( + ), no growth (-), or slow growth 
(+/-). 
b Complete synthetic media (21) was either supplemented with 75 µm inositol(+) or 
lacked inositol (- ). 
CMedia contained either 2% galactose (Gal), 2% raffinose (Raf), or 2% glucose (Glu) 
A 
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Figure 9. Uncoupling IN 0 2 expression from the inositol response. 
(A) Expression of IN 0 2 transcript from strain BRS2011 (pGALl-
1N02:: UR A 3, ino2L1) grown in media containing different 
concentrations of inositol and 0.5% galactose. The inositol 
concentrations used were (from left to right): O; 5; 10; 17 .5; 50; 75; 
100 µM. The same blot was re-hybridized with the A CT] -·specific 
probe to normalize for loading variations. (B) Relative levels of IN 0 2 . 
transcription (arbitrary densitometry units from BRS2011 grown in 
media containing - different concentrations of galactose either lacking 
(1-C-) or containing 75 µM inositol and I mM choline (l+C+ ). The 
amount of IN 0 2 transcript was determined by densitometric 
scanning of quantitative slot blots and normalized for loading 
variations using the ACT 1 -specific probe. Values represe_nt the 
average of 3 independent assays. Standard deviations were less than 
15% in all cases. 
response to inositol exclusively by derepressing expression of the 
JN02 gene? To address this question, expression of two Ino2p target 
genes, INOJ (Hirsch and Henry, 1986) and CHOI (Bailis et al., 1987) 
was directly quantitated in BRS2011 (pGAL1-IN02::U RAJ, ino2Ll) in 
media containing varying concentrations of galactose both in the 
presence and absence of inositol. Transcription of the IN 01 gene in 
BRS2011 (pGAL1-IN02::URAJ,ino2Ll) was sensitive to both galactose 
and inositol in the growth medium (Figure 10, top). That is, in the 
absence of inositol, transcription of the 1N01 gene correlated with the 
concentration of galactose in the growth medium. However, in the 
presence of inositol, IN 01 transcription was repressed regardless of 
the galactose concentration. Similarly, transcription of the CH 01 gene 
was also sensitive to both galactose and inositol (Figure 10, bottom). 
Thus, m BRS2011 (pGAL1-IN02::URAJ, ino2Ll), transcription of the 
IN 01 and CH 0 1 target genes was still repressed in response to 
inositol supplementation even though 1N0 2 transcription was no 
longer sensitive to inositol. 
OP/l is required for the inositol/choline response m the GALJ-JN02 
strain 
Since regulating transcription of the IN 0 2 gene was not the 
primary target of the inositol response, it is possible that the 0P11 
negative regulatory gene might be the primary target. This line of 
reasoning was supported by the phenotype of strains carrying op i 1 
mutant alleles. In an opil mutant strain, expression of the IN 01 
5-~ 
- ~· - ~- - - ~-0 4-10..:.i%--0-.10 ..i;:5o/.,;:iio._,O_. i..;:,1 o/t,.o Lo~'.2....o.5:..;i%--.... 01 ,r.;5o/.>110L..,.1 ...Jl.;;.;%--~1 ...i:.2-..%-.....+-
1.5 
~ ~ 
Galactose Concentration 
Galactose Concentration 
73 
Figure 10. Transcription of the IN 01 gene (top) and the CH 01 gene 
(bottom) is sensitive to both galactose concentration and inositol in 
the GALJ-IN02-containing strain. Data was generated as described 
in the legend to Figure B. 
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(Hirsh and Henry, 1986; White et al., 1991) and CHOI (Bailis et al., 
1987) target genes is insensitive to the presence of inositol in the 
growth medium. This suggests that the product of the 0 PI 1 gene 
either regulates IN 0 2 expression or directly regulates the function of 
the Ino2p. To distinguish between these two models, the effect of 
deleting the OP/ 1 gene in BRS2011 (pGAL1-IN02::U RAJ, ino2L!) on 
regulation of IN 01 gene expression was examined. If the response to 
inositol was mediated by Opi 1 p regulating the function of the Ino2p, 
then deleting the OPJ 1 gene in BRS2011 (pGAL1-IN02::U RAJ, ino2L!) 
should yield constitutive expression of the IN 01 target gene, since 
IN02 expression is no longer sensitive to inositol in this strain. 
To directly examine the role of the 0 PI 1 gene in the response 
to inositol, the OP/ 1 gene was deleted in strain BRS2011 (pGAL1-
IN02:: U RAJ, ino2 L!) to yield BRS2012 (pGAL1-IN02: :U RAJ, opil L!, 
ino2L!) (Table 1). The effect of the opilL! allele on regulation of INOJ 
expression in BRS2012 (pGAL1-IN02::URAJ, opil L!, ino2L!) was then 
examined by Northern blot hybridization. Total RNA was purified 
from strains grown in media that contained 0.5% galactose which 
either lacked or included inositol. The level of IN 01 transcription 
was quantitated by densitometry and normalized for loading using 
the ACTJ gene probe. As expected, BRS2012 (pGALl-IN02::URAJ, 
opiJL!, ino2L!) expressed constitutively elevated levels of INOJ 
relative to the isogenic BRS2011 strain (pGALl-IN02::URAJ, ino2L!) 
(Figure 11). Moreover, the pattern of regulation of INOJ express10n 
in the pGALl-IN02-containing strains (Figure 11, right panel) was 
virtually indistinguishable from that of the strains containing the 
native IN02 gene (Figure 11, left panel). 
75 
Characterization of the IN02 promoter 
A. Mapping of the IN02 transcription initiation site 
The 5' end of the IN 0 2 transcript was mapped using pnmer 
extension analysis (Elion and Warner, 1984). Initial attempts to map 
the 5' end of the IN 0 2 transcript were unsuccessful because of the 
low level of IN 0 2 transcript present in wild type yeast cells, even 
under derepressing conditions. Therefore, to increase the level of 
JN02 transcript, a wild type strain (BRS1001), was transformed with 
a multicopy plasmid (YES.B) which contains a 14.2 kb insert including 
the entire IN 0 2 promoter and coding sequences. This strain was 
grown m both repressing (I +C+) and derepressing (1-C-) conditions 
and total cellular RNA was isolated. Total cellular RNA was then used 
to map the 5' end by pnmer extension analysis. A major 
transcription initiation site was found 106 bp upstream (-106) from 
the AUG (A= + 1) translation start codon (Figure 12). Several minor 
transcription initiation sites were also observed between -90 to -146 
relative to the AUG translation start codon (Figure 12). The major 
transcription initiation start site at -106 is 28 bp downstream from 
the potential UAS1NO element and 94 bp downstream from a region 
found to be essential for IN 0 2 expression (see next section for 
details). Curiously, this long leader includes within it a second 
potential AUG translational start codon found 17 bp upstream from 
the known translational start codon. If translation occured from this 
upstream AUG, it would encode a potential open reading frame (ORF) 
of 57 nt which would overlap the IN02 ORF. 
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Figure 11. Effect of an opilL1 allele on /NO/ expression in the GALJ-
IN 0 2-containing strain. Representative Northern blot hybridization 
of IN 01 transcnpt10n in strains contamrng: IN 0 2 and 0 PI 1 
(BRS1001); IN02 and opilL1 (BRS2005); pGALl-IN02::URA3 and OPJJ 
(BRS201 l); and pGAL1-IN02::URA3 and opil L1 (BRS2012). Each strain 
was grown in media containing 0.5% galactose which either lacked (-) 
or was supplemented with 75 µM inositol and 1 mM choline ( + ). The 
values below each lane represent relative levels of IN 01 transcript · 
(normalized for loading using the ACT 1 transcript) determined by 
densitometry. Shorter exposures were used for densitometric 
scanning of RNA from the opil L1 strains. B.D.; below detection. 
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Figure 12. Primer extension analysis of IN 0 2. Primer extension 
products were separated along side a DNA sequencing ladder in 
order to size the fragments. 1-C-, absence of inositol and choline; 
I+C+, presence of 75 µM inositol and I mM choline; control, RNA was 
left out of the primer extension reaction. 
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B. Identification of cis-acting elements m the IN 02 promoter 
In order to identify cis-acting promoter sequences that are 
required for the regulated expression of IN 0 2 -cat, a series of 
promoter deletions was constructed by PCR. These promoter 
deletions were fused to the cat reporter gene in pBM2015, and 
integrated in single copy at the G AL4 locus (see Figure 2). Southern 
blot analysis was performed to confirm the proper size and 
integration of the promoter deletion constructs. A representative 
Southern blot analysis in shown in Figure 13. Transformants 
harboring the proper integrated promoter deletion mutants were 
grown m repressing (I +C+) and derepressing (1-C-) media and 
assayed for CAT activity. The data from this analysis are 
summarized in Figure 14. Deletion from -400 to -500 (relative to the 
AUG translation start codon) and from -300 to -500 had no affect on 
IN02-cat expression compared to the full length promoter (Figure 14, 
deletion numbers 1 and 2). A further deletion of 100 bp, from -200 
to -500 resulted in a complete loss of IN 0 2-cat expression (Figure 14, 
deletion number 3) as did deletion from -100 to -500 (deletion 
number 4 ). A deletion from the 3' end of the IN 0 2 promoter, from -
1 to -50 gave a constitutively high level of CAT activity (Figure 14, 
deletion number 5). It should be noted that this deletion retains the 
normal IN 0 2 translation start codon, but deletes the upstream AUG 
codon. A further deletion of 100 bp, from -1 to -150 results in a 
very low level of JN02-cat expression (Figure 14, deletion number 6). 
This deletion removes both the upstream AUG codon as well as the 
potential UAS1No element. Deletion from -1 to -250 results in a 
complete loss of IN02-cat expression (Figure 14, deletion 
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Figure 13. Representative Southern blot hybridization of strains 
harboring IN02 promoter deletion-cat fusion genes. 
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number 7), as does deletion from -1 to -350 (deletion number 8) and 
from -1 to -450 (deletion number 9). An internal deletion from -100 
to -150, which removes the potential UAS1NO element and flanking 
sequences, results in a cons ti tu ti vely high level of IN 0 2 - cat 
expression (Figure 14, deletion number 6/4). Deletion from -200 to -
250 results in a complete loss of IN 0 2 -cat expression (Figure 14, 
deletion number 7 /3), suggesting that this region is essential for 
/NO 2-cat expression. Deletion from -300 to -350, as expected, has no 
affect on IN 0 2-cat expression (Figure 14, deletion number 8/2). 
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Figure 14. Summary of IN 0 2 promoter deletion analysis. Promoter 
fragments were fused to the cat reporter gene and integrated in 
single copy at the GAL4 locus in a wild type (BRS1001) strain. CAT 
activity values are the average from at least three independent 
experiments. 1-C-, complete synthetic medium (Hirsh and Henry, 
1986) lacking inositol and choline. I+C+, complete synthetic medium 
(Hirsh and Henry, 1986) supplemented with 75 µM inositol and 1 
mM choline. 
CHAPTER V 
DISCUSSION 
Regulation of phospholipid biosynthesis is dictated by the 
U AS INO element, which serves as a binding site for the Ino2p/Ino4p 
heterodimer (Ambroziak and Henry, 1994; Koipally et al., submitted). 
However, the exact mechanism(s) of regulation has not yet been 
determined. Examination of the molecular and genetic properties of 
the trans-acting factors suggests that protein-protein interactions 
may play an important role in repressing transcription of the 
phospholipid biosynthetic genes. For example, the inositol/choline 
response may involve a direct interaction between the Opi 1 negative 
regulatory protein and either the Ino2 or Ino4 activator proteins. 
This mechanism is reminiscent of the regulation of GAL gene 
expression in response to galactose (Johnston and Carlson, 1992; 
Leuther and Johnston, 1992) and regulation of the PH 0 genes m 
response to phosphate starvation (Jayaraman et al., 1994). 
Alternatively, regulation of phospholipid gene express10n may 
be regulated by modulating activator protein levels. A mechanism 
such as this is utilized in the general control of amino acid 
biosynthesis by regulating the rate of translation of the Gcn4 
activator and by regulating the stability of the Gcn4p (Hinnebusch, 
1984; Kornitzer et al., 1994 ). Furthermore, repression of the 
structural genes for galactose utilization in response to glucose 
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(glucose repression) IS also partly established by repressing 
expression of the GAL4 activator gene (Griggs and Johnston, 1991; 
Lamphier and Ptashne, 1992). Therefore, it is possible that another 
mechanism for regulating expression of phospholipid biosynthetic 
gene express10n involves controlling the levels of the Ino2 and/or 
Ino4 activator proteins or the Opi 1 repress or protein. 
The work described in this dissertation Is aimed at 
understanding the mechanism(s) by which phospholipid biosynthetic 
gene expression is regulated. The results indicate a dual mechanism 
which superimposes regulation of express10n of the gene encoding 
the Ino2 transcriptional activator protein and repression of function 
of the Ino2p/lno4p heterodimer by the Opi 1 negative regulatory 
protein. 
pathway, 
This is significant because it is unusual for a metabolic 
such as phospholipid biosynthesis, to utilize two 
mechanisms for regulating expression of its structural genes in 
response to a single signal. 
Identification of the minimal UAS1NO element 
The UAS1No element was originally identified as a 9 bp element 
with the consensus 5'ATGTGAAAT3' (Lopes et al., 1991), from the 
promoter of the IN 01 gene. However, when this element was tested 
in the heterologous CY C 1 - lac /'Z reporter gene, it was unable to 
support transcription (Table 4 ). Based on this, it was suggested that 
the consensus element actually consists of 10 bp, having the 
consensus 5'CATGTGAAAT3' (Paltauf et al., 1992). Of the nine copies 
of the repeated element located in the IN 01 promoter, four .have a 
cytosine residue at the 5' end preceeding the 9 bp, three have an 
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adenine, and there 1s one each with a 5' thymine or guanine (Koipally 
et al., submitted). When all of the known UAS1 No elements are 
aligned, the first (most 5') residue is the least well conserved residue 
of the 10 bp element, with a cytosine being represented in about 40% 
of the copies. Therefore, it appears that this first residue may be the 
most important residue for determining the functionality of the 
UAS1NO element. 
The effectiveness of the 10 bp consensus sequence as a UAS 
was tested using a set of oligonucleotides containing the 9 bp core 
sequence and differing only at the first (most 5' residue). These 
results support the conclusion that the active core sequence is 
5'C/ AATGTGAAAT3' (Table 4 ). The construct containing a cytosine 
residue at the 5' end was a stronger UAS element than the construct 
with an adenine at the 5' end, although both constructs were 
regulated m response to inositol and choline. Thus, the consensus 
element 5'C/AATGTGAAAT3', is capable of serving as a UAS1NO and 
confers regulated express10n in response to inositol and choline. 
Furthermore, the UAS1NO sequence is responsible for mediating the 
response to the 0 PI I gene product. In the op ii mutant background, 
express10n from both the adenine- and cytosine-containing 
constructs was constitutively overexpressed compared to expression 
in the wild type strain. Therefore, it is apparent that this consensus 
sequence alone is capable of conferring the 0 PI I -mediated response 
and does not require the presence of an adjacent URS element. 
The Ino2 and Ino4 activator proteins are proposed to be 
members of the basic helix-loop-helix family of transcriptional 
activator proteins (Hoshizaki et al., 1990; Nikoloff et al., 1992). 
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Members of this family of proteins form dimers which bind to a 
canonical DNA sequence 5'CANNTG3' (with NN being any nucleotide) 
(Blackwell et al., 1990; Blackwood and Eisenman, 1991; Berberich et 
al., 1992). The 10 bp consensus UAS1NO contains within it this 
canonical sequence, 5'C AT GT G AAAT3', consistent with the Ino2p 
and Ino4p being members of the bHLH family. Although in 
multicellular eukaryotes a cytosine is required at the 5' end, the fact 
that a UAS1 No element with an adenine at this site functions 
probably indicates a less stringent requirement for the cannonical 
bHLH binding site in yeast. 
Regulation of JN02 express10n 
Computer-assisted searches of the IN 0 2 and IN 04 promoter 
regions revealed that they both contain a copy of the UAS1 No 
element. This raised the possibility that phospholipid biosynthetic 
gene expression might be regulated by regulating the expression of 
either the IN02 and/or IN04 genes. In order to test this, the IN02 
and IN 04 promoters were fused the the cat reporter gene and the 
constructs were integrated into the yeast genome at the G AL4 locus. 
These strains were then assayed for CAT activity under repressing 
(l+C+) and derepressing (1-C-) conditions. 
Expression of the IN 0 2 - cat gene was regulated 12-fold in 
response to inositol and choline, whereas the IN 0 4 -cat gene was 
constitutively expressed (see Table 5). These results were confirmed 
by quantitative slot blot analysis which showed that the IN 0 2 
transcript was regulated about 5-fold in response to inositol (see 
Table 6), while the IN 0 4 transcript was constitutively expressed. 
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Furthermore, under derepressing conditions the IN 0 2-cat gene was 
expressed at a level less than the IN 04 -cat gene, suggesting that 
JN02 expression may be limiting relative to IN04 expression. Also, 
in the opil mutant background, IN02-cat was constitutively 
overexpressed but its level of expression was equal to that of the 
JN04-cat construct in a wild-type strain (see Table 8), indicating that 
JN04 expression may become limiting relative to IN02 expression in 
this background. Finally, the overexpression of the IN 0 2 -cat gene in 
the opil strain 1s a likely explanation as to why the phospholipid 
biosynthetic genes are constitutively overexpressed in this mutant 
background (Hirsh and Henry, 1986; Bailis et al., 1987). 
Since both the IN 0 2 and IN 04 promoters contain a potential 
copy of the UAS1NO element and since this element serves as a 
binding site for the Ino2p/lno4p heterodimer, it is possible that 
expression of these genes may be regulated by the Ino2 and Ino4 
proteins. In order to test this possibility, the IN02-cat and IN04-cat 
constructs were each integrated in single copy into ino2 and ino4 
mutant strains and assayed for CAT activity. These results showed 
that IN 0 2 -cat requires a wild type allele of both the IN 0 2 and IN 0 4 
genes to be expressed whereas IN04-cat expression requires a wild 
type copy of the IN04 gene, but does not require the IN02 gene (see 
Table 7). Therefore, both IN 0 2 and IN 04 are under autogenous 
control. 
Expression of IN02-cat requires wild type Ino2p and Ino4p and 
its expression is sensitive to regulation by the Opi 1 repressor protein. 
This indicates that the inositol/choline response is mediated some 
how through either the IN 0 2 gene or the Ino2p. Since expression of 
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the IN 0 4 -cat gene is not sensitive to inositol and choline nor 1s it 
regulated by the Opil repressor protein, it in turn is not likely to 
mediate the inositol/choline response. A likely scenario is that the 
Opilp interacts directly with the Ino2p to inhibit its function. This 
would then mediate two simultaneous events: 1) inhibiting the 
function of the Ino2p/Ino4p heterodimer, preventing activation of 
the phospholipid biosynthetic structural genes; and 2) repress 
express10n of the IN 0 2 gene itself. In support of this model, an 
OP/ I-cat gene 1s expressed at a level approximately 25-fold higher 
than the IN02-cat gene (see Table 5), thus assuring that there is 
enough Opi 1 p in the cell to repress all of the available Ino2p. 
Further evidence supporting this model will be described in detail 
later. 
IN04 is expressed constitutively 
As stated above, the IN 0 4 - cat gene was expressed 
constitutively. This data disagrees with preexisting data (Schuller et 
al., 1992) which showed that IN04-lacZ expression was repressed 
three- to four-fold in response to inositol and choline. However, the 
level of IN 0 4 - lac Z express10n was actually below the limits of 
sensitivity for the assay and was compared with that of an entirely 
different control vector. This was apparent since the derepressed 
level of IN04-lacZ expression (20 units) is barely above the levels 
from a UAS-less reporter (14 units) (Schuller et al., 1992), while the 
repressed levels of IN 04-lacZ express10n (6 units) are actually below 
the control levels (14 units) (Schuller et al., 1992). In the data 
reported here, the level of IN04-cat expression was substantially 
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above the lower limits of sensitivity for this system. Moreover, the 
experiments described here examined IN 04 promoter activity in a 
native context (chromosomal) and in a single copy, thus avoiding any 
potential multicopy or plasmid-related artifacts. 
Expression of the IN04-cat gene was dependent on a wild type 
allele of the IN04 gene but not the IN02 gene (see Table 7). Since 
the Ino4 protein does not appear to have any transcriptional 
activation domain (Schwank et al., 1995) and does not homodimerize 
(Ambroziak and Henry, 1994), it must form a heterodimer with some 
other protein that has an activation domain to support its own 
transcription. In support, it is not unprecedented for HLH proteins to 
form dimers with multiple partners. For example, the mammalian 
protein Max can form homodimers or heterodimers with Myc, Mad, 
and Mxi (Amati and Land, 1994 ). There are three other known yeast 
transcriptional activator HLH proteins, Pho4 (Ogawa and Oshima, 
1990), Cbfl (Cai and Davis, 1990), and Rtgl (Liao and Butow, 1993). 
All three of these were tested for defects rn phospholipid 
biosynthesis and were found not to be required for phospholipid 
biosynthetic gene expression, indicating that they are not likely to be 
required for IN 04 expression. Consequently, there must be another 
as-yet-unidentified partner for the IN 04 gene. 
Another issue concerning expression of the IN 04 gene Is the 
presence of the UAS1NO element in its promoter. Since the IN04-cat 
gene Is constitutively expressed, what then is the function of the 
U AS INO element in the IN 04 promoter? Conceivably, single-base 
changes from the UAS1NO element consensus may dictate specificity 
for binding of different sets of partners. This has been shown to be 
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the case for mammalian HLH proteins in which base changes in a 
Myc/Max-binding site will create a Max/Max-binding site (Solomon 
et al., 1993). Interestingly, the yeast CTRJ gene, encoding the choline 
transporter protein, also requues IN 0 4 but not IN 0 2 for its 
expression (Li and Brendel, 1993 ). A comparison of the CTR 1 and 
JN04 promoters identified a consensus HLH binding site (CAA/TTG) 
that deviates from the UAS1No element. This additional HLH binding 
site is found in the upstream region of the IN 0 4 promoter, and a 
deletion of this upstream region results in loss of IN 0 4 expression 
(Ambroziak ). Ongoing studies in the Lopes laboratory are aimed at 
identifying the function of the UAS1No as well as the second potential 
HLH binding site in the IN 04 promoter and in identifying potential 
partners for the Ino4p. 
Cooperative regulation of the phospholipid biosynthetic genes by 
IN02 
The data showed that cooperativity plays a role m control of 
expression of IN 0 1 and CH 0 1 (see Figure 7). This is not 
unprecedented in S. cerevisiae, since cooperativity was also observed 
in GAL4 activation of GAL 1 expression (Giniger and Ptashne, 1988; 
Griggs and Johnston, 1991 ). In the GAL system the observed 
cooperativity is due to the cooperative binding of the Gal4 activator 
protein to four binding sites in the GAL 1 promoter. A similar 
mechanism could exist for activation of the IN 01 gene, since there 
are two functional UAS1NO elements in this promoter (Koipally et al., 
unpublished results). However, there is no evidence of synergism 
between these elements or cooperativity of binding to these two sites 
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(Lopes and Henry, 1991; Koipally et al., submitted). Furthermore, 
cooperativity was observed in activation of the CH 01 gene, which 
only has a single copy of the UAS1NO element. Therefore the 
observed cooperativity must be due to a mechanism other than 
activator binding. An alternative model to explain the cooperative 
activation of INOJ and CHOI is shown in Figure 15. When cells are 
grown m medium containing inositol and choline (repressing), two 
mechanisms exist for repression of phospholipid biosynthetic gene 
expression. The Opi 1 repress or interacts with the Ino2/lno4 
heterodimer to decrease expression of the IN 0 2, IN 01 , and CH 0 1 
genes and therefore reduce the amount of Ino2/lno4 heterodimer 
available to bind the UAS1 No element. The mechanism for 
derepression requires that the repressing action of the Opil p be 
inactivated, allowing the phospholipid biosynthetic genes as well as 
the IN 0 2 activator gene to be derepressed, resulting in complete 
derepression of these genes. Therefore, the cooperativity in this 
system results from the concomitant derepression of the IN 0 2 
activator gene and inactivation of the Opil repressor protein. This 
model predicts that Opilp provides the initial response; however, it 
cannot predict the nature of the interaction between the repressor 
and the two activators. Several additional observations support this 
model. As stated earlier, the 0 PI I -cat gene is overexpressed relative 
to both IN02-cat and IN04-cat, and its expression is essentially 
unaffected by inositol and choline (see Table 5). Furthermore, it has 
already been reported that the amount of Ino2p/lno4p-UAS1 No 
complex is affected by inositol and choline (Lopes and Henry, 1991). 
Therefore, the model predicts that 0 PI 1 is required for the initial 
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Figure 15. Model for cooperative derepression of phospholipid 
biosynthetic gene expression in S. cerevisiae. See text for a detailed 
explanation. I+C+, containing 75 µM inositol and 1 mM choline; 1-C-, 
containing neither inositol or choline. 
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response to inositol and choline but that regulation of IN 0 2 
express10n establishes the magnitude and cooperativity of the 
response. 
Uncoupling of IN02 transcription from the inositol response 
Data described earlier showed that expression of a reporter 
gene (cat) driven by the IN02 promoter was sensitive to different 
concentrations of inositol in the growth media (see Figure 8). The 
effect of the different inositol concentrations on express10n of the 
JN02-cat gene was similar to the effect on expression of the IN 0 2-
target genes, IN 01 and CH 0 1 (Hirsh and Henry, 1986; Bailis et al., 
1987; Ashburner and Lopes, l 995a). This raised the possibility that 
regulation of IN 0 2 expression may be the primary mechanism for 
the coordinated response to inositol. To directly examine the role of 
IN 0 2 expression in the regulation and/or expression of the target 
genes, IN 0 2 expression was uncoupled from the inositol response by 
placing it under the control of the galactose inducible GAL 1 
promoter. 
Transcription of the 1N0 2 gene m the strain harboring the 
GALI -IN02 fusion gene (BRS201 l) was uncoupled from the inositol 
response since its expression was completely insensitive to inositol 
and was regulated in response to galactose, with increasing levels of 
expression observed with increasing concentrations of galactose m 
the growth media (see Figure 9). However, when this strain was 
used to determine regulation of the 1N0 2 target genes, IN 0 1 and 
CH 01, their expression was still regulated in response to inositol, 
response (see Figure 10). This implied that there is some other 
93 
mechanism regulating the inositol response. A likely candidate for 
this other mechanism is the Opi 1 negative regulatory protein. To 
examine this possibility, the effect of deleting the 0 PI 1 gene in strain 
BRS2011 (GALI -IN02) on /NO 1 expression was tested. These results 
showed that a wild type allele of the 0PI1 gene is required for the 
inositol response since even in the strain with IN 0 2 expression 
uncoupled from the inositol response, the IN 0 1 gene was 
constitutively overexpressed in the opil mutant background (see 
Figure 11). 
Therefore, based on the above results, it appears that the 
response to inositol requires two superimposed mechanisms. One 
mechanism is the regulation of IN 0 2 activator gene expression which 
is subject to autoregulation by the IN 0 2 gene product. The second 
mechanism requires the product of the 0 PI 1 negative regulator 
which may function as a direct regulator of Ino2p/Ino4p activity. 
This data favors a model wherein the 0 PI 1 gene product is the 
primary target of the inositol response. Data described earlier 
showed that the 0PI1 gene product is required to regulate expression 
of the IN 0 2 activator gene (see Table 7). This data suggested that 
the inositol response is mediated by Opi 1 p regulation of IN 0 2 
expression. However, in the GALJ-IN02 strain, Opilp has no control 
over IN 0 2 expression, but it still regulates IN 01 expression (see 
Figure 11). This implies that the mechanism by which Opilp 
functions is by directly regulating the Ino2p/lno4p heterodimer. 
Regardless of the exact mechanism of Opi 1 p function, it is clear 
that 0P11 is absolutely required for the inositol response whereas 
regulation of IN 0 2 expression can be eliminated without affecting 
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regulation of the target genes in response to inositol (see Figure 10). 
Furthermore, 0P11 seems a likely target for the inositol response 
since it appears to be expressed at a level higher than either the 
JN02 or JN04 genes (see Table 5). Data described in Table 5 show 
that an OP/ I-cat reporter gene is expressed constitutively (i.e., 
unresponsive to inositol) at a level that is substantially higher than 
either the JN02 or IN04 promoters. Curiously, the relative levels of 
expression of the 0P11 to IN 0 2 regulatory genes are reminiscent of 
the relative levels of GALBO to GAL4 expression (Shimada and 
Fukusawa, 1985; Griggs and Johnston, 1993 ). Consistent with this 
line of reasoning, it has been proposed that the GALBO gene product 
is the sensor for the intracellular inducer of the GAL system (Nogi 
and Fukasawa, 1989). 
A strong correlation between the level of IN 0 2 express10n 
driven by the GAL 1 promoter and the level of expression of two 
target genes, IN 01 and CH 01, was observed (see Figures 10 and 11 ). 
This suggests that regulation of IN 0 2 expression does play a role in 
the response to inositol. For example, if Ino2p levels are extremely 
low under repressing conditions, the cell would have to express IN 0 2 
prior to activating transcription of the target genes. Alternatively, a 
small amount of Ino2p may be enough to initiate the response and 
derepression of IN 0 2 expression may serve to establish the degree of 
derepression of the target genes, depending on the concentration of 
exogenous inositol. The model seems more likely since it has been 
previously shown that extracts prepared from cells grown under 
repressing conditions form the Ino2p:Ino4p:UAS1NO complex (Lopes 
and Henry, 1991). Furthermore, the timing of derepression of an 
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JN02-cat gene and an /NO I -cat gene were essentially identical (see 
Figure 5) suggesting that derepression of IN 0 2 expression does not 
preceed that of its target genes. 
The role of derepressing IN 0 2 express10n may be to establish 
the degree of derepression of the target genes. Consistent with this 
hypothesis, a correlation has been observed between IN 0 2 
expression and target gene expression at different concentrations of 
inositol. Thus, depending on the inositol concentration, IN02 may be 
expressed at different levels which will determine the level of target 
gene expression. Moreover, since the number and sequence of 
potential lno2p/Ino4p target sequences vary among the promoters 
of the coregulated genes (Greenberg and Lopes, in press), it seems 
likely that different levels of IN 0 2 expression may be required to 
activate expression of different target genes. 
Characterization of the IN 0 2 promoter 
An analysis of the IN 0 2 promoter reg10n was conducted to 
identify the c is-acting elements responsible for directing IN 0 2 
expression. These results revealed some umque features of the IN 0 2 
promoter (summarized in Figure 16). Primer extension analysis to 
determine the precise transcription initiation site of the IN 0 2 gene 
showed that there is a leader of approximately 106 bp relative to the 
AUG translation initiation codon (see Figure 12). Several mmor 
transcription initiation sites were also observed between -90 and -
146 relative to the AUG translation start codon. The major 
transcription initiation start site at -106 is 28 bp downstream from 
the potential UAS1No element and 94 bp downstream from a region 
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found to be essential for IN 0 2 expression. Curiously, this leader 
includes within it a second potential AUG translational start codon 
found 17 bp upstream from the known translational start codon. If 
translation occured from this upstream AUG, it would encode a 
potential ORF of 57 nt (19 amino acids) which would overlap the 
JN02 ORF (Figure 16). At this point, it is not known if this short ORF 
is translated and what affect it might have on IN 0 2 expression. Since 
the uORF overlaps the I N02 translation initiation codon, the only way 
in which IN 0 2 could be translated is through "leaky" scanning of the 
40S ribosomal subunit. One possible cause of leaky scanning could 
be due to the formation of stem-loop structures which are predicted 
to form m the IN 0 2 leader (J.M. Lopes, unpublished observation), 
that would allow the 40S subunit to bypass the upstream AUG. 
Deletion analysis of the IN 0 2 promoter revealed several 
potential regions which contribute to the expression of IN02. First, a 
region between -200 and -250 (relative to the translation start 
codon) was found to be essential for transcription. Although no 
canonical TATA element is present in the IN02 promoter based on 
computer assisted searches, the region between -200 and -250 is 
adenine and thymine rich and therefore could potentially serve as a 
TATA element. It is more likely that this region is a very weak 
TATA element as opposed to an upstream essential sequence (UES) 
element described m the GAL 4 promoter (Griggs and Johnston, 
1993). The reason for this is that the UESGAL4 cannot function with a 
heterologous UAS element, such as the UASGAL found in the 
IN02 Promoter Elements 
·500 ·250 ·200 ·136 -106 +1 IN02 ORF 
11111111111111111111 ~ r 
Essential Region LIAS 
(TATA Element?) 
19 aa ORF 
Figure 16. Diagram of the IN02 promoter region. Shown are the 
essential region from -200 to -250, the UAS1NO element, at -136, the 
major transcription initiation region at -106, and the potential 
upstream ORF overlapping the IN02 ORF. 
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promoters of the GAL 4 target genes. That is, it is only able to 
function with the UAS element found in the G AL4 promoter (Griggs 
and Johnston, 1993). Since a UAS1NO element is present in the IN02 
promoter and since it is known to function with a canonical TATA 
element (e.g., in the promoters of the IN 0 2 target genes), it lends 
support to the notion that this essential region in the IN 0 2 promoter 
is a weak or divergent TAT A element. 
A 3' deletion which removed the first 50 bp of the promoter 
(from -1 to -50) resulted in a constitutively high level of expression 
from the IN02-cat gene. Curiously, this deletion retains the normal 
IN 0 2 translation start codon, but deletes the upstream AUG codon, 
indicating that this codon may play a role in regulating the 
translation of the IN02 mRNA. Translational control of expression is 
not unprecedented in yeast. This mechanism of control has already 
been described for the GCN4 activator gene (Hinnebusch, 1984). The 
CPA 1 gene, encoding a subunit of the argmme pathway 
carbamoylphosphate synthetase, also has a single uORF of 25 amino 
acids (Werner et al., 1987). This uORF begins about 134 nt upstream 
of the normal AUG start codon for the CPA 1 gene and ends about 60 
nt upstream of the AUG (Werner et al., 1987) and has been shown to 
confer repression by arginine on expression of the CPA 1 gene 
(Delbecq et al., 1994 ). Another gene which contains uORFs is the 
UM E6 transcriptional repressor gene. The leader of the UM E6 mRNA 
contains 5 short uORFs (from 5 to 23 amino acids) (Strich et al., 
1994 ). The function of these uORFs in the UM E 6 leader are not yet 
known, however, it is known that the UM E 6 mRNA is expressed 
constitutively (Strich et al., 1994 ), so it is likely that these uORFs play 
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a role in translational regulation of UM E 6 express10n. Therefore, it is 
not surprising that IN 0 2 expression may also be under translational 
control. What is unusual is that this would add another level of 
regulation to IN 0 2 expression in addition to the transcriptional 
regulation of IN02 and regulation by Opilp. Further experiments 
into the role of the upstream AUG, including direct mutagenization to 
eliminate it, will need to be performed to determine its role m 
regulating IN02 expression. 
The IN02 promoter contains a potential UAS1NO element 
between -134 and -144 relative to the AUG translation start codon. 
Deletion from -1 to -150, which includes the UAS1NO element, results 
in a loss of IN02-cat expression (see Figure 14, deletion no. 6) under 
both repressing and derepressing conditions, indicating that the 
U AS INO element does function in regulating IN 0 2 expression. In 
contrast, an internal deletion which removes from -100 to -150, 
including the UAS1No element, but retains from -1 to -100, results in 
a constitutively high level of JN02-cat expression. This data implies 
that there is some other positively-acting element between -1 and -
100 which communicates with the UAS1NO element to regulate IN02 
expression. 
The data described in this section provides some preliminary 
insights into the cis-acting elements responsible for controlling IN 0 2 
expression. However, further experiments will be required to 
narrow down the exact location of certain elements such as a 
potential TA TA element m region -200 to -250 and the potential 
positively acting element m region -1 to -100. Also, site-directed 
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mutagenesis of the UAS1No element and the upstream AUG codon will 
need to be performed to determine their funtion. 
JN02 and IN04 as yeast analogues of mammalian Myc and Max 
oncogenes 
There are several features which suggest that the IN 0 2 II N 0 4 
genes are analogous to the mammalian Myc/Max oncogenes. For 
example, the basic organization of the two sets of proteins is similar 
with Ino2p providing the activation domain to the Ino2p/lno4p 
heterodimer (Schwank et al., 1995) but requiring Ino4p to bind DNA 
(Ambroziak and Henry, 1994; Nikoloff and Henry, 1994) just as Myc 
provides the activation domain but requires Max to bind DNA. Both 
Ino2 and Myc are phosphoproteins and the phosphorylation site 
(Ser-62 in Myc and Ser-69 in Ino2p) is located in the trancriptional 
activation domain (Hammond et al., 1993; Henriksson et al., 1993; 
Pulverer et al., 1994 ). Also, the pattern of expression of the two 
genes 1s conserved since IN 0 2 and Myc expression is regulated and 
limiting relative to IN04 and Max (see Table 5; Ayer and Eisenman, 
1993; Larsson et al., 1994; Ashburner and Lopes, 1995a). 
Conversely, JN04 and Max expression is constitutive and non-limiting 
(see Table 5; Berberich et al., 1992; Ayer and Eisenman, 1993; 
Ashburner and Lopes, l 995a). The observation that the human Sin3 
repressor protein interacts with Max via the Mad and Mxi proteins 
has recently been described (Ayer et al., 1995; Schreiber-Agus et al., 
1995). Previously it had been shown that the yeast Sin3 protein is 
required for proper regulation of the phospholipid biosynthetic genes 
(Hudak et al., 1994 ). Finally, it is also clear that these two sets of 
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proteins have common targets such as genes required for polyamine 
synthesis (Bello-Fernandez et al., 1993) and cell cycle progression 
(Hammond et al., 1993; Amati and Land, 1994 ). As more target 
genes of Myc/Max regulation are discovered, it will be interesting to 
see how many of these genes overlap with those known to be 
regulated by the Ino2p/lno4p complex. The striking similarities 
between these two sets of proteins may help in further 
understanding the function of Myc/Max in mammalian cells by 
utilizing the knowledge of f N02/f N04 function in yeast. 
Future directions 
There are several avenues to pursue in order to further 
understand how the f N 0 2, f N 04, and 0 Pf l gene products contribute 
to regulation of phospholipid biosynthetic gene regulation. Among 
these are determining the exact interaction between Opi 1 p and 
Ino2p. One possibility is to look for mutations in f N02 which prevent 
an interaction between the Ino2p and Opil p. A mutation such as this 
would presumably display the Opi+ phenotype, and would be 
indicative of a direct interaction between Ino2p and Opilp. A second 
possibility is to look for 0 Pf l superrepressor mutations. That is, 
mutations in 0 Pf l which do not allow the phospholipid biosynthetic 
genes to be derepressed in the absence of inositol. The phenotype of 
these mutations would likely be due to the inability of Opil p to 
dissociate from the Ino2p/Ino4p complex. 
A second avenue to pursue is to identify other partners for the 
lno4p and to identify other genes which require the IN 04 gene for 
their expression, but do not require f N 0 2 . A genetic screen is 
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currently underway rn the Lopes laboratory to identify other 
partners for Ino4p. It will be interesting to determine if these other 
partners have any homologies to the mammalian Mad and Mxi 
proteins, two other proteins known to heterodimerize with Myc. 
There are currently two known genes, JN04 and CTR/, which require 
Ino4p but not Ino2p for their expression. Given the pleiotropic 
phenotype of i no4 mutant strains, it is likely that there are many 
other genes which require Ino4p but not Ino2p. 
Finally, a more detailed analysis of the IN 0 2 promoter 1s 
needed to better understand its regulation. This includes identifying 
the TAT A element, determining the function of the U AS1N o element, 
identifying any other positively acting elements, and determining the 
function of the upstream AUG translation start codon. 
Concluding remarks 
In this work, I have shown that phospholipid biosynthetic gene 
expression is regulated by two superimposed mechanisms, the 
regulated expression of the IN 0 2 activator gene and the 0 P 11 
repressor gene. This is significant since it is the only known pathway 
m yeast which utilizes two mechanisms to regulate gene expression 
m response to a single signal (inositol). Furthermore, it has become 
apparent through this work and other ongoing work m this 
laboratory that the IN 0 2 and IN 0 4 genes are analogous to the 
mammalian Myc and Max oncogenes. Therefore, the study of IN 0 2 
and IN04 function and regulation could be an important paradigm 
for better understanding the function of these oncogenes. 
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